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1. Motivations and goals 
1.1. Problem approach 
Sorption onto natural geosorbents plays an important role as attenuation process 
during subsurface transport of organic solutes. Processes such as contaminant 
transport with groundwater, solute attenuation during riverbank filtration or contaminant 
transport with seepage water are influenced by geosorption. 
In order to model these transport processes sorption equilibrium parameters are 
required. In the past, most of the published equilibrium studies were focused upon Non-
Ionisable Hydrophobic Organic Compounds (NIHOCs), e.g. Poly Aromatic 
Hydrocarbons (PAHs) (Carmo et al. 2000, Chiou et al. 1998), Polychlorinated biphenyls 
(PBCs)(Girvin and Scott 1997, Brannon et al. 1995, Chiou et  al. 1983), monocyclic 
aromatic hydrocarbons (Dewulf et al. 1999, Garbarini and Lion 1986) chlorinated 
benzenes (McGinley et al. 1996), chlorinated aliphatic hydrocarbons (Dewulf et al. 1999, 
Garbarini and Lion 1986, McGinley et al. 1996, Grathwohl 1990). 
Research during the last 2 decades showed that organic matter is the key sorbent 
at least for NIHOCs and that adsorption to clay minerals is of minor importance with the 
exception of specific interactions, e.g. of nitrogen containing compounds and clay 
mineral surfaces (Haderlein and Schwarzenbach 1993, Haderlein et al. 1996, 
Sheremata et al. 1999, Weissmahr et al. 1997, Weissmahr et al. 1999, Boyd et al. 2001, 
Sheng et al. 2001, Johnston et al. 2001 , Johnston et al. 2002) and intermolecular polar 
bonds between functional groups of organic matter and pollutants (Graber and 
Borisover 1998, Borisover et al. 2001). 
A number of water contaminants such as phenols are weak acids, which may 
dissociate into protons and anions. The distribution of ionic and neutral forms is 
determined by the acidity constant of the solute, pKa, and by the aqueous phase pH 
value. For such ionisable species, aqueous phase pH plays an important role in 
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sorption, because hydrophobicity and solubility of the solute is strongly affected. In 
general, ionised species are much more soluble and thus less hydrophobic than their 
neutral counterparts. It follows that sorption of the ionised and non-ionised species will 
differ and that the neutral species are expected to be sorbed much stronger. If the pH of 
the aqueous phase is within a range of about (2 units of the sorbate pKa, both ionised and molecular 
species of an acidic compound are present in substantial amounts in solution and sorption of both 
must be considered.  
For some chlorinated phenols, i.e., for tetra- and pentachlorophenol, phenolate 
sorption can usually not be neglected, since, at ambient pH values, these compounds 
are present predominantly in the ionised form (Schellenberg et al. 1984). 
All natural waters contain dissolved organic compounds. The simplest measure of 
the total concentration of organic solutes is the concentration of dissolved organic 
carbon (DOC). DOC concentrations in ground waters are typically about 0.5 mg/L, in 
rivers and lakes they are typically 2-10mg/L (Thurman 1985) and about half of the DOC 
is fulvic/humic acid (Malcolm 1985). Humic substances play an important role for the 
transport of hydrophobic organic contaminants in groundwater and surface water. They 
bind the hydrophobic organic compounds and enhance their apparent solubility in water 
(Chiou et al. 1986, Chiou et al. 1987) and reduce their affinity for sorption to natural 
solids through hydrophobic binding. The binding or association of Hydrophobic Organic 
Compounds (HOCs) with dissolved humic substances has been measured for many 
systems (Hassett and Anderson 1979, Arnold et al. 1998, Carter and Suffet 1982, 
Schlautman and Morgan 1993, Laor and Rebhun 2002, McCarthy and Jimenez 1905, 
Landrum et al. 1984, Kopinke et al. 1995, Kopnile et al. 2001, Garbarini and Lion 1985, 
Hass and Kaplan 1985, Hassett and Milicic 1985). 
The effect of humic substances and other dissolved organic matter on the sorption 
of HOCs by natural sorbents has been studied by Hasset and Anderson 1982, Caron et 
al. 1985, Brownawell and Farrington 1986, Baker et al. 1986, Haberhauer et al. 2002 
and Enfield et al. 1989. 
Mathematical models describing the effect of binding by Dissolved Humic 
Substance (DHS) on reduction of sorption and retardation have been developed for this 
group of compounds (Rav-Acha and Rebhun 1992, Shimizu et al. 1998). 
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In the case of Ionisable Hydrophobic Organic Compounds (IHOCs) in the 
presence of Natural Organic Matter (NOM) each of the neutral or ionic form can exist 
free or in a bound state associated with dissolved humic substances then the overall 
sorption coefficient of these compounds onto a solid phase will be dependent on the 
hydrophobicity of each species and the fraction of species available to participate in 
sorption interaction which is dependent on the binding tendency of each species by 
NOM and pH value of the aqueous media. 
Geosorption behaviour of IHOCs especially influence of dissolved natural organic 
materials on their sorption coefficients is poorly investigated. In this study we have 
developed a new approach to the modelling of the sorption behaviour of IHOCs from 
NOM containing waters. 
 
1.2. Objectives of the study 
Phenols constitute an important class of Ionisable Hydrophobic Organic 
Compounds (IHOCs), which may occur in surface and ground water. In general, these 
compounds are released into the environment through many industrial activities as well 
as from the application of biocides. Because of the occurrence of phenols in river 
waters their sorption behaviour is also of interest from the viewpoint of riverbank 
filtration. 
In the first step of the study pH-dependent sorption of phenols onto sandy aquifer 
material collected from a river bank filtration site, River Elbe, Germany, was 
investigated. The goal of this study is to establish quantitative relationships for 
describing the overall sorption of various substituted phenols at different pHs, and to 
estimate the adsorption coefficient of neutral and ionic forms on a sandy aquifer 
material. The pH-dependent sorption of phenols, in particular pentachlorophenol and 
other chlorinated phenols, on soils and sediments were shown in several studies 
(Schellenberg et al. 1984, Christodoulatos and Mahiuddin 1996, Fall et al. 2001, Lee et 
al. 1990, Lagas 1988). In contrast to other investigations the organic carbon content of 
natural geosorbent used in this study is very low (0.038 %) and sorption study is 
conducted using flow-through column experiments which more closely represent some 
relevant field conditions during transport of contaminants with groundwater or river bank 
filtrate.  
Motivations and goals 4 
All experiments were carried out with model solutions of phenols prepared with 
pure water to exclude other processes and to find fundamental relationships between 
pH and sorption. 
The second step of the investigation calls attention to the potentially critical but 
poorly understood role of humic substances in influencing the transport of IHOCs in 
groundwater. 
In this step the effect of the presence of dissolved natural organic matter on 
adsorption behaviour of various substituted phenols at different pHs has been 
investigated. The main goal of this study is to establish quantitative relationships for 
describing the effect of pH value and dissolved humic substances concentration on 
reduction of sorption of phenols onto investigated soil material. The binding extends of 
neutral and ionic forms by humic substances would be calculated indirectly using 
sorption data. 
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2. Scientific background and models 
2.1. Sorption 
The process in which chemicals become associated with solid phases is generally 
referred to as sorption. Sorption is extremely important because it may dramatically 
affect the fate and impact of chemicals in the environment. It plays an important role as 
a retardation mechanism in several subsurface solute transport processes, such as 
contaminant transport with groundwater or with riverbank filtrate. 
Clearly the environmental movements of water-borne molecules must differ from 
that fraction of the same kind of molecules carried by particles that settle. Hence solid-
solution phenomena must be understood before quantifying any other process affecting 
the fate of chemicals in the environment. 
The partition (or distribution) coefficient, Kd is a measure of sorption of 
contaminants to soils and sediments. This parameter is one of the most important 
parameters used in estimating the migration potential of contaminants present in 
aqueous solutions in contact with surface, subsurface and suspended solids. As 
typically used in fate and contaminant transport calculations, the Kd is defined as the 
ratio of the contaminant concentration associated with the solid to the contaminant 
concentration in the surrounding aqueous solution when the system is at equilibrium. 
Values for Kd not only vary greatly between contaminants, but also vary as a function of 
aqueous and solid phase chemistry 
In general, partition coefficient can be estimated in the following ways: 
• by separate measurements using batch experiments 
• by fitting the parameters to experimentally determined curves from column 
experiments. 
• by using empirical correlations 
 
6  Scientific background and models 
Soil and geochemists knowledgeable of sorption processes in natural 
environments have long known that generic or default Kd values can result in significant 
error when used to predict the absolute impacts of contaminant migration or site 
remediation options. Therefore, for site-specific calculations, Kd values measured at 
site-specific conditions are absolutely essential. 
 
2.1.1. Batch experiments 
Batch experiments are generally designed to study equilibrium sorption of solids 
and apply to sorbent suspensions where all the solids are exposed to be available for 
the interaction with the contaminants. The equilibrium sorption coefficient can be 
estimated from isotherms determined in batch experiments (ASTM 1987, U.S. EPA 
1991, Roy et al. 1991). For measuring a batch Kd value a well characterized soil of 
known mass (mA) is added to a beaker. A known volume (V) and concentration (c0) of 
an aqueous contaminant solution is added to the soil in the beaker. The beaker is 
sealed and mixed until sorption is estimated to be complete. The solutions are 
centrifuged or filtered, and the remaining concentration of the contaminant (ceq) in the 
supernatant is measured. The adsorbed mass is calculated from the difference between 
initial and equilibrium concentrations: 
 )( eq0
A
eq cc
m
V
q −=  (1) 
Equation (2) is used to calculate the numerator of the Kd term and the 
denominator, Ceq, of the Kd term is measured directly in the laboratory. 
 
eqA
eq
d
cm
ccV
K
)( 0 −
=  (2) 
In the case of poorly adsorbable substances, very high solid-to-liquid ratios mA / V 
(M/L3) are needed to realize measurable concentration differences. Therefore, the 
applicability of the batch method is restricted by the realizable solid-to-liquid ratio. 
 
2.1.2. Column Experiments 
The laboratory flow-through (or column) method is second common method for 
determination sorption coefficient, Kd, of a contaminant in the subsurface environment 
(U.S. EPA 1991, Relyea 1982, Van Genuchten and Wierenga 1986). Column tests are 
performed with intact solids, i.e., samples which have a definite matrix and structure. 
                                                                                                                                                 Sorption     7 
The sorption characteristics obtained from the experiments are the result of 
contaminant interaction with a structured system. 
In this method a solution containing known amounts of a contaminant is introduced 
into a column of packed soil of known bulk density and porosity. The effluent 
concentration is monitored as a function of time. A known amount of a nonadsorbing 
tracer may also be introduced into the column and its time-varying concentration 
provides information about the pore-water velocity. The resulting data is plotted as a 
break-through curve or relative concentration, c/c0, versus time or pore volumes of flow. 
Breakthrough data can be used to estimate isotherm data by curve fitting with the 
transport models. 
Several transport models have been developed to describe the solute transport 
influenced by geosorption processes. A simple theoretical approach is to assume that 
local equilibrium exists in any cross section. In this case, the spreading of the travelling 
concentration front, which can be observed experimentally as a spreading of the 
measured breakthrough curve, is only a result of dispersion and diffusion. Assumption 
of linear sorption isotherm leads to a transport equation, which can be solved 
analytically (Lapidus and Amundsen 1952). However, in geosorption systems non-linear 
adsorption isotherms can also be found (McGinley et al. 1996). Furthermore, 
experimentally determined breakthrough curves often show a strong spreading or tailing 
which cannot be explained by dispersion/diffusion only. This behaviour is believed to be 
related to non-equilibrium sorption processes. To simulate such kind of sorption 
processes, different models were developed. 
One type of such non-equilibrium models is based on the assumption of slow 
mass transfer processes between mobile and immobile regions in the sorbent layer 
(van Genuchten and Wierenga 1986, McGinley et al. 1996, Shukla and Kammerer, 
1998). It can be assumed that diffusion-based mass transfer processes from the bulk 
solution to the surface and from the surface into the pores of the solid sorbent are the 
rate limiting transport steps which causes breakthrough curve spreading. According to 
this, several transport models were developed which describe the intraparticle diffusion 
by Fick's law (Crittenden et al. 1986, Yiacoumi and Tien 1994, Yiacoumi and Rao 1996) 
or by a linear driving force approach (Worch 2004). This type of non-equilibrium 
transport models is commonly based on equations for external (film diffusion) and 
internal (pore diffusion and/or surface diffusion) diffusion. Such models are also widely 
used in modelling technical adsorption processes. The transport parameters are exactly 
8  Scientific background and models 
defined on the basis of fundamental diffusion laws, and the factors, which may influence 
their values, are well known. An excellent overview about this type of models was given 
by Crittenden et al. 1986. Unfortunately, such models will become rather complicated, if 
they account for all possible processes (film diffusion, pore diffusion, surface diffusion, 
dispersion). 
Under the assumption of a linear isotherm only one column experiment is 
necessary to quantify Kd.  For a non-linear isotherm a number of breakthrough curves 
with different inlet concentrations have to be determined. 
 
2.1.2.1. Dispersed flow / local equilibrium model (DF-LEM) 
The mass conservation equation for one-dimensional solute transport, which is 
also called advection-dispersion equation (ADE) or convection-dispersion equation 
(CDE), can be written as: 
 2
2
z
c
εD
t
q
ρ
t
c
ε
z
c
v axbl
∂
∂
=
∂
∂
+
∂
∂
+
∂
∂
 (3) 
where c is the liquid phase concentration (M/L3), t is the time (T), z is the distance (L), q 
is the loading (or mass adsorbed, M/M), vl is the linear velocity (L / T), ε  is the porosity 
(-), ρb is the bulk density (M/L
3), and Dax is the longitudinal (or axial) dispersion 
coefficient (L2/T). The individual terms of this equation represent the processes 
advection, accumulation, adsorption, and dispersion (from left to right). 
 
Assuming a linear isotherm and introducing the dimensionless retardation factor, 
Rd, 
 
ε
Kρ
v
v
R db
c
w
d +== 1  (4) 
the ADE can be written as: 
 
2
2
axdw
z
c
D
t
c
R
z
c
v
∂
∂
=
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∂
+
∂
∂
 (5) 
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where vw (= vl /ε) is the average pore water velocity (L / T), vc is the velocity of the 
retarded solute (L / T), and Kd (= q/c) is the linear sorption coefficient (L
3/M). 
 
Dividing Eq. (5) by Rd yields: 
 
2
2
c
z
c
D
t
c
z
c
v
∂
∂
=
∂
∂
+
∂
∂ ∗  (6) 
where D* (= Dax/Rd) is the retarded dispersion coefficient (L
2/T). 
 
A well-known analytical solution for Eq. (6) is (Ogata and Banks 1961): 
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  (7) 
where L is the transport distance (L). In column experiments, L is the height of the 
column. 
 
In general, the hydrodynamic dispersion is the sum of mechanical dispersion and 
molecular diffusion. Therefore, Dax and D* can be expressed as (Ingebritsen and 
Sanford 1998): 
 
ε
α LWax
D
vD +=  (8a) 
 
ε
α
d
L
c
d
ax
R
D
v
R
D
D +==∗   (8b) 
where α is the dispersivity (L), and DL is the liquid (aqueous) phase diffusion coefficient 
(L2/T). It follows from Eq. (8b) that D* = Dax and vc = vw if no sorption occurs. Because 
the liquid phase diffusion coefficient, DL, is very low (10
-10...10-9 m2/s), the diffusion term 
in Eqs. (8a) and (8b) can often be neglected. 
 
10  Scientific background and models 
2.1.3. Empirical correlations 
For a linear isotherm and for dominating adsorption onto organic constituents of 
the solid, log Kow - log Koc  and  S - log Koc  correlations can be used to calculate Kd. 
(Schwarzenbach et al. 1993, Schwarzenbach and Westall 1981, Sabljic et al. 1995, 
Baker et al. 1997, Seth et al. 1999, Winget et al. 2000): 
 
 bKlogaKlog owoc +=  (9) 
 dSlogcKlog oc +=  (10) 
where a, b, c and d are empirical parameters. 
Knowing the n-octanol-water partition coefficient, Kow, or solubility, S, the sorption 
coefficient related to the organic fraction of the solid, Koc, can be calculated (Eq. 9 and 
10). The sorption coefficient, Kd, results from multiplication of Koc with the organic solid 
fraction, foc.  
Table (1) contains two experimental correlation equations between organic carbon 
normalized partitioning coefficient, Koc, and solubility for sorption of hydrophobic organic 
chemicals to heterogeneous carbonaceous matter in soils and sediments proposed by 
Grathwohl and Rahman 2002 and Allen-King et al. 2002, and three correlation 
equations between Koc and Kow especially proposed for phenols by Sabljic et al. 1995, 
and for chlorinated phenols by van Gestel et al. 1991. A compilation of several empirical 
correlations (class-specific and nonclass-specific) can be found elsewhere (Worch et al. 
2002). It has to be noted that this estimation method is only applicable if isotherm non-
linearity can be excluded. But even in this case the calculated Kd values are rather 
uncertain, because the results from different correlations are varying noticeably. 
Gawlik et al., 1997, reviewed 24 correlations of Koc with water solubility, 76 with the 
octanol/water partition coefficient Kow. They concluded that it was not possible to 
recommend any single correlation as being preferred universally for all compounds. 
Major difficulties thus face the environmental scientist when selecting among these 
correlations and even when assessing conflicting experimental data for the same 
substance. 
Part of this difficulty lies in the expected variability in Koc resulting from the complex 
and variable nature of organic matter. There has been considerable research into the 
chemical nature, structure, and properties of sediments and soil organic matter (Xing 
and Pignatello 1997, Brusseau et al. 1991, Chiou et al. 1999).  Organic matter is 
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variable in properties and consists of aggregates of material that may be in a 
continuous state of degradation, rearrangement, and replenishment. 
It should also be noted that material other than organic carbon has sorptive 
capacity; thus even when the organic carbon content is zero, a finite value of Kd is 
expected. Finally, the water associated with the solids after filtering or centrifuging will 
contain dissolved solute. The quantity of this solute can become appreciable when Koc  
is low, i.e., log Koc less than about 2.5, especially when the organic carbon content of 
the sorbent is low. 
Studies by Chiou et al., 1999, and others indicate that for any given chemical, an 
inherent variability in Koc values is expected as a result of different environmental 
conditions and equilibration times. 
In the case of ionisable hydrophobic organic compounds like substituted phenols 
Koc value is strongly influenced by pH value of sorption media and  can be correlate to 
Kow or solubility only at pHs in which these compounds are mostly in neutral form. 
 
 
TABLE 1  Representative example of regression models used to estimate log Koc from S  and 
log Kow 
 
           Regression equations               References 
            S..Koc log012045log −=                Grathwohl and Rahman 2002
 
            S..Koc log0614475log −=                Allen-King et al. 2002
 
            900log630log .K.K owoc +=                Sabljic et al. 1995 (1) 
            081log570log .K.K owoc +=                Sabljic et al. 1995 (2) 
            320log890log .K.K owoc −=                van Gestel et al. 1991
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2.2. pH effect on sorption of Ionisable Hydrophobic Organic 
Compounds (IHOCs) 
A number of water contaminants such as phenols are weak acids, which may 
dissociate into protons and anions according to: 
 HA ≡ H+ + A− (11) 
The distribution of ionic and neutral forms is determined by the acidity constant of 
the solute, written as acidity exponent pKa, and by the aqueous phase pH value. For 
such ionisable species, aqueous phase pH plays an important role in sorption, because 
hydrophobicity and solubility of the solute are strongly affected. In general, ionised 
species are much more soluble and thus less hydrophobic than their neutral 
counterparts. It follows that sorption of the ionised and non-ionised species will differ 
and that the neutral species are expected to sorb much stronger. 
As neutral (HA) and ionic species (A-) cannot be analysed separately, thus 
sorption equilibria can only be measured as overall isotherms as given in Eqs. (12) and 
(13) for the case of linear isotherm: 
 )A(HA)A(HA −− +=+ cKq d  (12) 
or 
 )](A(HA)[)(A(HA) −− +=+ ccKqq d  (13) 
where c is the concentration, q is the amount adsorbed (or loading), and Kd is the 
apparent (observed) sorption coefficient. 
The portion of neutral species HA contributing to the total concentration can be 
expressed by the degree of protonation, α, according to Eq. (14): 
 
a101
1
)A()HA(
)HA(
- pKpHcc
c
−+
=
+
=α  (14) 
The introduction of sorption coefficients for neutral (Kd 
N) and ionic species (Kd 
I) 
allows formulating a total isotherm as: 
 
 [ ] )(A(HA))(A(HA))(A(HA) --- cKcKccKqq IdNdd +=+=+  (15) 
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A combination of the Eqs. (14) and (15) gives the apparent sorption coefficient, Kd  
as:  
 I
d
I
d
N
dd KKKK +−= α)(  (16) 
With this equation, the apparent sorption coefficient can be resolved into sorption 
coefficients of ionic and neutral form provided when the sorption experiments of a 
compound are carried out at different pH values. Plotting of Kd versus α  will allow to 
calculate Kd
 N and Kd
 I. If Kd
 N and Kd
 I are once known, for each pH value of interest the 
apparent sorption coefficient Kd  can be predicted using Eq. (16).  
If the ionised species does not contribute significantly to the overall sorption 
process (Kd 
N >> Kd 
I ) Eq. (16) can be reduced as: 
 αα ococ
N
dd fKKK ==  (17) 
where Koc is the organic carbon normalized sorption coefficient of the neutral species 
and foc is the organic carbon fraction of the sorbent. In this case, Kd  can be predicted for 
each pH from Eqs. (14) and (17) if the sorbate (pKa, Koc) and sorbent (foc) properties are 
known. 
Obviously, if there is an additional transfer of the ionised species to the sorbent, 
the predicted sorption would be underestimated by the Eq. (17). 
 
2.3. Binding of Ionisable Hydrophobic Organic Compounds 
(IHOCs) by Natural Organic Matter (NOM) and its effect 
on their sorption 
It has been demonstrated that Dissolved Humic Substances (DHS) bind 
hydrophobic organic compounds forming complexes in water (Hasset and Anderson 
1979). Chiou et al., 1986, have shown that the apparent solubility of compounds like 
DDT (dichlorodiphenyltrichloroethane) or PCB (Polychlorinated Biphenyls) congeners is 
increased in solutions containing humic substances over that seen for pure water alone. 
The interpretation of these data is that the true aqueous solubility is not affected, but 
rather the additional nonpolar chemical molecules are associated with the humic 
materials. Similarly Carter and Suffet 1982 have shown that DDT associates with humic 
materials. 
14  Scientific background and models 
A model describing the influence of complex formation with dissolved humic 
substances on the sorption of neutral species was developed by Rebhun et al., 1996.  
Assuming dynamic equilibrium between the bound and free solute, the equilibrium 
binding constant has been defined as follows: 
 
[ ]DHSfr
b
b
c
c
K =  (18) 
where Kb is the binding constant, cb is the concentration of bound solute, cfr is the 
concentration of free solute, and [DHS] is the concentration of dissolved humic 
substances. 
Using the material balance  
 frbfrb cKccc [DHS])(1+=+=  (19) 
the concentration of free solute, cfr, can be written as follows:  
 
[ ]DHS1 b
fr
K
c
c
+
=  (20) 
Neglecting additional sorption of DHS to solid material, the apparent sorption 
coefficient, Kd
*, related to the total solute concentration, c, can be expressed as: 
 
]DHS[1)DHS][1( b
d
bfr
d
K
K
Kc
q
c
q
K
+
=
+
==∗  (21) 
where q is the amount adsorbed and Kd is the intrinsic sorption coefficient, related to the 
sorption from pure water. 
According to Eq. (21), in the presence of DHS the value of sorption coefficient is 
reduced and the reduction depends on the binding coefficient of the solute to DHS and 
the concentration of DHS. 
Assuming a constant ratio of natural organic matter (NOM) and humic substances 
and using dissolved organic carbon concentration, β(DOC), as a measure of NOM, Eq. 
(21) can be written in a modified form as:  
 
DOC)(1 βb
d
d
K
K
K
+
=∗  (22) 
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As concentration of DOC in natural waters is low (about 0.5 mg L-1 in ground 
waters and 2-10 mg L-1 in rivers and lakes (Thurman 1985)), the sorption is only 
affected if the binding constant is relatively high. For example, in water with β(DOC) = 5 
mg L-1 the binding constant of the sorbate should be at least 2×104 L kg-1 to reduce the 
sorption coefficient about 10%. 
Eq. (22) can be rearranged to 
 
*
* )(
)DOC(
d
dd
b
K
KK
K
−
=β  (23) 
According to Eq. (23) the binding constant of investigated Hydrophobic Organic 
Compounds (HOCs) can be calculated indirectly from relative reduction of sorption 
coefficient.  
This sorption/complex formation model proposed by Rebhun et al., 1996, for 
neutral species can be extended to pH-dependent sorption processes. Hydrophobic 
Ionisable Organic Compounds (HIOCs) such as phenols may occur both in an 
undissociated or dissociated form depending on the pH value of aqueous media. 
Assuming that both neutral and ionic forms are bound by DHS, the equilibrium binding 
constant, Kb, could be defined for each of the forms: 
 
[ ]HSDNfr
N
bN
b
c
c
K =   (24) 
 
[ ]DHSIfr
I
bI
b
c
c
K =   (25) 
where Kb
N is the binding constant of the neutral form, Kb
I  is the binding constant of the 
ionic form, cb
N is the concentration of bound neutral form, cb
I
 is the concentration of the 
bound ionic form, cfr
N
 is the concentration of the free neutral form, and cfr
I
 is the 
concentration of the free ionic form. 
Combining Eq. (18) with Eqs. (24) and (25) and considering the material balance yields: 
 
I
b
I
b
N
bb KKKK +−= α)(  (26) 
with 
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where in the case of acidic HIOCs like phenols α is the degree of protonation and pKa is 
the negative logarithm of the acidity constant. 
Eq. (26) shows that in the case of HIOCs the binding constant is related directly to 
the degree of protonation, α, which is controlled by pH value of the aqueous media, and 
the acidity constant of the solute in water, pKa. 
Using Eq. (26), the expression defining the overall sorption constant (Eq. (22)) 
could be modified as follows: 
 
DOC)())((1 βα Ib
I
b
N
b
d
d
KKK
K
K
+−+
=∗  (28) 
where Kd is the intrinsic sorption coefficient for the given pH value. 
Combining Eq. (23) and Eq. (26) yields: 
 )DOC())(()DOC(
*
*
βαβ Ib
I
b
N
bb
d
dd KKKK
K
KK
+−==
−
 (29) 
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According to Eq. (29) the relative reduction of sorption coefficient of acidic HIOCs 
in the presence of DHS is related to the binding constants of the neutral and ionic 
forms, pH of the media, acidity constant of the solute and concentration of dissolved 
humic substances. Eq. (30) can be used to estimate the binding constants of the neutral 
and ionic forms, if the relative reduction of sorption coefficient is known for different pH 
values and/or DOC concentrations. 
As it has been explained in section (2.2.), sorption coefficient of phenols in the 
absence of natural organic materials, Kd , relates to the fraction of neutral species, α, by 
a linear equation (Eq. 16). Combining equations (16) and (28) yields: 
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Using Eq. (31) allows estimating the apparent sorption coefficient of an ionisable 
organic compound at different pH values and DOC concentrations, when the sorption 
coefficients and the binding constants of the neutral and ionic species are known.  
Note that Eq. (31) with four different constants is the most general form to describe the 
influence of pH and DOC concentration on sorption. It can be expected that the affinity 
of the polar anions with DHS and with solid material is distinctly lower than that of the 
neutral species. If sorption and complex formation of the anions are negligible, Eq. (31) 
simplifies to: 
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Using Eq. (33) a non-linear regression can be made to estimate the binding 
constant of the neutral species. Alternatively, Eq. (33) can be expressed in terms of 
relative sorption reduction: 
 )(
*
*
DOCK
K
KK N
b
d
dd βα=
−
  (34) 
In this case, a linear regression can be used to estimate Kb
N. 
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3. Materials and methods 
3.1. Materials 
3.1.1. Sorbent 
3.1.1.1. Sorbent collection and preparation 
The sorbent used for the sorption experiments was a sandy aquifer material which 
was collected from the depth of 10-20 cm of bank filtration area of the river Elbe near 
Torgau. 
Samples were prepared by dry sieving the air-dried material. The grain size 
fraction of ø<1mm was used for experiments.  
 
3.1.1.2. Determination physical and chemical characteristics of 
sorbent 
Table (2) contains some physical properties of investigated sorbent. Solid grain 
density was measured using capillary pycnometry (DIN 18124). For this, approximately 
15 g oven dried (at 105 °C) and pulverised samples were transferred to pycnometer 
flasks (volumetric flasks with ground glass stoppers and a capillary overflow) and 
weighed. Deionised and degassed water was added to the flasks, which were then 
stored under vacuum until no further degassing was observed. This was repeated until 
the flasks were completely filled with water. The solid density is obtained from the 
known volume of each flask, the sample weight and the volume of water added as 
determined from the weight with a temperature correction. 
Total Organic Carbon (TOC) content was measured (after pre-treatment of the 
samples with HCl in order to remove inorganic carbon) by dry combustion method using 
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a C analyser (Dohrmann DC-190, Boat module model 184S, Nondispersed Infrared 
Detector, temperature 900 °C). 
 
TABLE 2  Physical characteristics of investigated sorbent 
 
 
The particle or grain size distribution of the sample was determined using 
Beckman COULTER LS 230 particle size analyser in Institute of Soil Science, Dresden 
University of Technology, Germany. Laser diffraction is the primary technique used in 
COULTER LS 230 particle size analyser, which is a high resolution instrument available 
for sizing sample of a broad range (0.04 µm to 2000 µm). The region from 0.04 µm to 
0.4 µm, which is too small to be accurately sized with laser diffraction, is covered by the 
patented Polarization Intensity Differential Scattering (PIDS) technology. 
From a particle size analysis it could be driven that the sorbent consists mainly of 
sand (95.9 %), in particular with particle sizes between 200 µm and 630 µm 
(62.5%).The contents of silt and clay are 3.5% and <1%, respectively (table (3)). 
 
 
 
TABLE 3  Particle size distribution of investigated sorbent 
 
 
 
Grain density (ρ) 
[g cm—3] 
 
Bulk density (ρb) 
[g cm—3] 
 
Porosity (ε) 
[-] 
 
Organic carbon content (foc) 
[mg g-1] 
2.65 1.68 0.37 0.375 
Fraction Clay 
 
 Silt  
 
 Sand  
Particle size 
[µm] <=2 
 
2-6.3 6.3-20 20-63 
 
63-200 200-630 630-2000 
Weight percent 
[%] 0.7 
 
1.2 1.2 1.1 
 
4.1 62.5 29.3 
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Mineralogy of aquifer material has been studied by macroscopic observation and 
instrumental analysis (combined X-ray diffractometery (Siemens diffractometer D5000)-
thermoanalysis (NETZSCH STA 409 PG LUXX )). Experiments have been done in 
Institute of Geotechnique, Dresden University of Technology. In this investigation two 
size fractions >63 µm and <63 µm have been analysed separately while about 0.9% of 
whole sample consists of the fraction <63 µm (see complete report in appendix 1). 
Results show that sorbent mainly consists of Quartz, maximum 1% of whole sorbent 
consists of layered silicate minerals (Muscovite/Illite/Biotite + Kaolinite + Chlorite). 
Mineralogical characteristics of investigated material are illustrated in table (4).  
 
 
TABLE 4  Mineralogical characteristics of investigated sorbent (Results are reported in weight 
% for separated fractions and whole sample) 
 
 
 
 
3.1.2. Natural water 
3.1.2.1. Water collection and preparation 
Natural water was collected form Elbe River in Dresden-Germany. Fresh water 
was flushed through fibreglass filter (Macherey-Nagel MN85/90 BF with retention value 
of 0.5 µm) using vacuum pump. Filtered water was used for making a model water 
containing dissolved natural organic matter to apply in column experiments. It should be 
noticed that the term “dissolved” in this context lacks the precise meaning that is usually 
Minerals Fraction < 63µm Fraction > 63µm Whole sample 
Muscovite/Illite/Biotite 35 <1 <1 
Kaolinite 40 - <1 
Chlorite <5 <1 <1 
Quarz 10 86 86 
Orthoclase/Microcline 4 7 7 
Albite 4 5 5 
other minerals  
(e.g. Hornblende, Earth minerals) 1-2 <1 <1 
Organic substances About 2 - <0.1 
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has in chemistry. In reality, some of these materials may be in colloidal suspension 
rather than in solution.  
To make solutions with different NOM concentrations, river water was diluted by 
pure water (Millipore water) or inpissated by heating in constant temperature of 40°C. 
3.1.2.2. Determination the concentration and composition of NOM 
NOM concentration of the river water used in each experiment was measured as 
Non-Purgeable Organic Carbon (NPOC), using a Shimadzu TOC-5000A with high 
sensitivity catalyst.  
In many surface and ground waters the VOC (volatile organic carbon) contribution 
to TOC is negligible. Therefore in practice the NPOC determination is substituted for 
TOC (Eaton et al. 1995). One of the major components of NOM is humic acid which is 
in theory a difficult to oxidize organic compound. The Shimadzu TOC-5000A Series 
instruments specialize in difficult to oxidize matrixes by the use of catalytically-aided 
680° combustion technique. Table (5) illustrates different steps of NOM measurement. 
 
 
TABLE 5   Steps of NOM measurement procedure 
 
 
 
 
 
 
Filtration: Fibre glass filters, MACHEREY-NAGEL, MN 85/90, 
                                151099/0 
 
Pre treatment: Acid addition and sparging for IC (inorganic carbon 
                                removal) 
 
Analysis: Combustion (680°C) and nondispersive infrared (NDIR)  
 detection method 
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Composition of natural organic matters varies depending on their source and 
variation. Binding of hydrophobic organic compounds to dissolved humic and fulvic 
acids is modified to a significant extent by the degree of aromaticity in the humic 
material. This suggests that the structure and composition of the humic material should 
be considered in any attempts to model the transport and fate of hydrophobic organic 
pollutants in aquatic environments (Gauthier at al. 1987). 
LC-OCD (Liquid Chromatography-Organic Carbon Detection) has been used to 
get both quantitative and qualitative information on the composition of NOMs in River 
Elbe water. Quantification is based on carbon mass determination (like in TOC analysis) 
and qualitative analysis based on the gel chromatographic separation of NOM prior to 
analysis. The detection limit for TOC is in the low-ppb concentration range (1-10 ppb) 
(Huber 1992). Experiments have been performed in Institute of Environmental 
Technology, Technical University Berlin.  
DOC of tested natural river water is 5600 ppb , hereof 12 ppb is hydrophobics and 
5587 ppb are hydrophilics. Hydrophilics are: Polysaccharides 581 ppb, Humics 2963 
ppb, Buldingblocks 895 ppb, LMW (low molecular weight) Neutrals and Amphiphilics 
1149 ppb, and LMW acids hasn´t been detected. Results of LC-OCD analysis are 
illustrated in figure (1) and table (6). 
FIGURE 1  LC-OCD chromatograms of investigated natural waters 
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LC-OCD analysis also has been done on diluted and concentrated Elbe water 
sample which have been used for making model solution to study the effect of 
concentration of humics on sorption. (section (3.5.3.2.)) 
Results of the analysis shows that composition of dissolved organic matter of 
concentrated and diluted model waters is almost the same as natural water. (figure (1), 
table (6)). Humic fraction of dissolved organic carbon is about 50% in all three model of 
waters. 
 
TABLE 6  Results of DOC chromatographic fractionation of investigated natural waters 
                                                                       > 20.000 g/mol    350-10.000 g/mol                < 350 g/mol 
 
    
    Polysaccharides Humics  Building Neutrals Acids 
   Blocks   + Amphiphilics 
                            DOC   =   HOC    +    CDOC                                        Aromaticity   Molar Mass       
                           (Sum)                         (Sum)                                         (SAC/DOC)        (Mn) 
 
     1: River water sample taken from River Elbe, Dresden-Germany 
     2: River Elbe water, diluted two times by pure water 
     3. River Elbe water, concentrated two times by heating  
 
     CDOC: "chromatographable", hence hydrophilic part of organic carbon 
    DOC: dissolved organic carbon 
    HOC: "non-chromatographable", hence hydrophobic part of organic carbon 
 
 
3.1.2.3. Humic substances characterisation 
With LC-OCD humics are quantified with high precision using peak fit program 
FIFFIKUS (bi-lateral Poisson distribution). Qualitative characteristics of humics, 
including average nominal weights (Mw); average number values (Mn) and aromaticity 
(SAC/OC, this is the ratio between spectral absorption coefficient at 254 nm and humic-
C) were also determined using this program. 
Using “Humic Substances Diagram” (HS-Diagram), its possible to determine the 
type of the Humic substances presence in a natural water .This diagram was made with 
LC-OCD and UV chromatograms of aquatic humics from different origins, and replaces 
  
in ppb in ppb  in ppb  in ppb  in ppb L/(mg*m) g/mo
l 
in ppb in ppb in ppb 
Sample  
% of TOC % of TOC % of TOC % of TOC % of TOC - - % of TOC % of TOC % of TOC 
5600 12 5587 581 2963 3.25 556 895 1149 0 
1 
100% 0.2% 99.8% 10.4% 52.9% - - 16.0% 20.5% 0% 
2400 139 2261 255 1096 3.05 556 351 560 0 
2 
100% 5.8% 94.2% 10.6% 45.7% - - 14.6% 23.3% 0% 
11900 0 11900 1236 6271 3.31 545 1800 2593 0 
3 
100% 0% 100% 10.4% 52.7% - - 15.1% 21.8% 0% 
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the primitive distinction between aquagenic fulvic acid (FA) and pedogenic humic acids 
(HA) and a continues aquatic humic system is obtained. The Mn values obtained from 
the LC-OCD chromatograms stand for molecularity (x-axis), the SAC/ OC ratio stands 
for aromaticity (y-axis) (Huber 1998).  
By Comparing the values of Molcularity and Aromaticity of the sample taken from 
river Elbe with Humic Substances Diagram (figure (2)) it could be concluded that 
incorporated Humics with intermediate values for aromaticity and molecularity are 
typical pedogenic fulvic acids. 
 
FIGURE 2  Humic Substances Diagram illustrating type of humics of investigated waters 
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3.1.3. Sorbates 
3.1.3.1. Selection of Sorbates 
Phenolic compounds are common contaminants of the environment. These 
compounds are released into the environment through many industrial activities 
including the petrochemical and paper industries (Hajšlová et al. 1988). Further, 
phenolic compounds have substantial applications in agriculture as herbicides, 
insecticides and fungicides, thus becoming potential pollutants of soils and of surface 
and underground waters owing to their highly hydrophobic nature. 
Chlorination of drinking water also produces chlorophenols (Larson and Rockwell 
1979). In view of their strong organoleptic properties, minimisation of chlorophenolic 
contamination is particularly important, yet they are ubiquitous in the environment (Boyd 
1994). Phenol and the chlorinated phenols are immunotoxic, neurotoxicand 
carcinogenic (Hseih et al. 1992). Owing to their toxicity and presence in the 
environment, The US Environmental Protection Agency (EPA) included 11 phenols 
among the main environmental pollutants. The fate and transport of these compounds 
is largely dependent on whether they are in a neutral or ionic form.  This will in part 
depend on the pH of the aqueous phase in which it enters, be it surface waters, ground 
waters, or partitioning to raindrops. 
Eight phenols with different substitution groups (chloro, nitro, methyl) have been 
selected for this study: Phenol, 2- chlorophenol , 3-chlorophenol, 2,4,6-trichlorophenol, 
pentachlorophenol, 2,4-dimethylphenol, 4-nitrophenol, 2-methyl-4,6-dinitrophenol. 
Investigated phenols are ionisable in aquatic environment and cover a wide range of 
solubility from S=20 mg/L for Pentachlorophenol (Gile and Gillett 1979) to S=82800 
mg/L for Phenol (Southworth and Keller 1986). Their tendency for dissociation in water 
also varies in a wide range from pKa=4.31 for 2-Methyl-4,6-dinitrophenol 
(Schwarzenbach et al. 1988) to pKa=10.61 for 2,4-Dimethylphenol (Pearce and 
Simkings 1968). These characterizations will prepare a possibility to study the effect of 
ionisation in sorption behaviour of ionizable hydrophobic compounds like phenols. 
From the screening results it was found that out of the eight phenols, five (phenol, 
4-nitrophenol, 2-chlorophenol, 3-chlorophenol, 2,4-dimethylphenol) did not show any 
reasonable sorption on investigated sorbent and were excluded from further 
investigation (section (3.4.)). Therefore, further investigations are carried on three 
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phenols, 2-methyl-4,6-dinitrophenol (2-M-4,6-DNP), 2,4,6-trichlorophenol (TCP) and 
pentachlorophenol (PCP). 
Because of special sorption properties of 2-methyl-4,6-dinitrophenol in presence of 
natural humic materials, some experiments have been also done to study sorption 
behaviour of 2,4-dinitrophenol as a compound relating to the same group as 2-M-4,6-
DNP. 
Physical properties, uses, environmental exposure and health hazard information 
of these four investigated phenols has been explained in following sections, table (7) 
contains physical properties of these compounds and toxicity data are summarised in 
table (8).  
 
TABLE 7 Physico-chemical properties of investigated sorbates 
Chemical M [g/mol] pKa log Kow S [mg/L] 
Phenol 94.121 9.9948 1.467 828009 
4-NP 139.111 7.082 1.917 115702 
2,4-DNP 184.111 4.096 1.547 27872 
2-CP 128.561 8.568 2.1610 1100010 
3-CP 128.561 9.128 2.3911 2600012 
2,4-DMP 122.1671 10.616 2.3011 787010 
2-M-4,6-DNP 198.131 4.312 2.121 1253 
2,4,6-TCP 197.451 5.993 3.691 4341 
PCP 266.341 4.754 5.011 205 
1,2,3,4,5,6,7,8,9,10,11,12 data from [Mackay et al. 1997, Schwarzenbach at al. 1988, Drahonovsky and 
Vacek 1971, Bhandari et al. 1997, Gile and Gillett 1979, Pearce and Simkings 1968, Hansch 
and Leo 1985, Serjeant and Dempsey 1979, Southworth and Keller 1986, Banerjee et al. 1980, 
Hansch and Leo 1981, Verschueren 1977]  
Details of the terms: M = molecular weight, pKa = dissociation constant, Kow = n-octanol-water 
partition coefficient, S = water solubility 
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TABLE 8 Toxicity data of investigated Phenols 
Noncarcinogenic Effect  Carcinogenicity 
Chemical 
Critical effect Experimental 
Dose 
RfDa  WOE
d 
 
Tumor Type Test Species Oral Slop 
factor 
Drinking 
water 
unit 
Risk(s) 
2,4,6-TCP Not 
Assessed 7 
- -  B2 
e, 3, 7 Leukemia 3,7 
Rat/ 
F344,  
male3,7 
1.1x10-2  
per 
 mg/kg-d 3, 7 
3.1x10-4 
per 
mg/L 3,7 
PCP 
Liver and 
kidney 
pathology 1,9 
 
NOAELb:  
3 mg/kg-d 1,9 
3x10-2  
mg/kg-d 1,9 
 B2 
e, 2, 9 
Hepatocellular 
adenoma/carcinoma, 
pheochromocytoma/ 
malignant 
pheochromocytoma 
,  
hemangiosarcoma/ 
hemangioma2,9 
Mouse 
/ B6C3F1 
female 2, 9 
1.2x10-1 
 per  
mg/kg-d 2, 9 
3x10-3  
per 
mg/L2, 9 
2,4-DNP 
 Cataract 
formation 3,9 
 
LOAELc:  
2 mg/kg-d 4,10 
2x10-3 
 mg/kg-d 4,10  - Not Assessed
8,10 - - - 
2-M-4,6-DNP 
Bilateral 
cataracts, 
decreased 
liver enzyme 
activity, and 
changes in 
the absolute 
and relative 
organ 
weights5 
 
- 
Not 
Established6 
 - Not Assessed5 - - - 
 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10 data from [Schwetz et al.1978, NTP 1989, NCI 1979, Horner 1942, U.S. EPA 1986, U.S. 
EPA 1993, U.S. EPA 1993, U.S. DHHS 1993, U.S. EPA 1993, U.S. EPA 1991]   
  
a 
Reference Dose for Chronic Oral Exposure (RfD): An estimate (with uncertainty spanning perhaps an 
order of magnitude) of a daily oral exposure to the human population (including sensitive subgroups) that 
is likely to be without an appreciable risk of deleterious effects during a lifetime. It can be derived from a 
NOAEL, LOAEL, or benchmark dose, with uncertainty factors generally applied to reflect limitations of the 
data used. Generally used in EPA's noncancer health assessments. 
b 
No-Observed-Adverse-Effect Level (NOAEL): An highest exposure level at which there are no 
statistically or biologically significant increases in the frequency or severity of adverse effect between the 
exposed population and its appropriate control; some effects may be produced at this level, but they are 
not considered adverse, nor precursors to adverse effects. 
c 
Lowest-Observed-Adverse-Effect Level (LOAEL): The lowest exposure level at which there are 
statistically or biologically significant increases in frequency or severity of adverse effects between the 
exposed population and its appropriate control group. Also referred to as lowest-effect level (LEL). 
 
d 
Weight-of-Evidence (WOE) for Carcinogenicity: A system used by the U.S. EPA for characterizing 
the extent to which the available data support the hypothesis that an agent causes cancer in humans. 
Under EPA's 1986 risk assessment guidelines, the WOE was described by categories "A through E", 
Group A for known human carcinogens through Group E for agents with evidence of noncarcinogenicity. 
The approach outlined in EPA's proposed guidelines for carcinogen risk assessment (1996) considers all 
scientific information in determining whether and under what conditions an agent may cause cancer in 
humans, and provides a narrative approach to characterize carcinogenicity rather than categories. 
 
e 
B2:  Probable human carcinogen - based on sufficient evidence of carcinogenicity in animals-1986 U.S. 
EPA Guidelines 
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3.1.3.1.1. 2,4,6-Trichlorophenol 
The chemical formula for 2,4,6-trichlorophenol (2,4,6-TCP) is C6H3Cl3O, and its 
molecular weight is 197.46 g/mol. 2,4,6-TCP is a yellow solid with a strong, sweet smell 
and odor threshold of 0.0026 ppm (ATSDR 1989). Its vapor pressure is 4.00 Pa at 25 
°C (Kilzer et al. 1979) and it has a log octanol/water partition coefficient (log Kow) of 3.38 
(ATSDR 1989). The half-life for 2,4,6-TCP in soil is estimated at 1700 hours (Mackay et 
al. 1997). 
The major uses of 2,4,6-TCP are as an antiseptic and pesticide. It’s used also 
included preserving wood, leather and glue, and preventing the build-up of mildew on 
fabric. In addition, 2,4,6-TCP is used as an intermediate to produce other chemicals. 
This compound is as a feedstock in the production of 2,3,4,6-tetrachlorophenol and 
pentachlorophenol (ATSDR 1990). 
Exposure to 2,4,6-trichlorophenol may occur through its use in pesticides, or wood, 
leather, or glue preservatives (ATSDR 1989). Maximum concentration of 0.84 mg/L in 
River Elbe water (measuring station of Schmilka) has been reported by consortium of 
Elbe river purification (Arbeitsgemeinschaft für die Reinhaltung der Elbe - ARGE Elbe 
2000). 
Animal studies have reported effects on the blood and liver from chronic oral 
exposure to 2,4,6-trichlorophenol, while no effects on the cardiovascular system, 
gastrointestinal system, kidneys, skin, immune system, or central nervous system were 
reported in these studies (ATSDR 1989). EPA has not established an RfD for 2,4,6-
trichlorophenol (U.S. EPA 1993). 
No studies are available on the carcinogenic effects of 2,4,6-trichlorophenol in 
humans from inhalation or oral exposure (ATSDR 1989, U.S. EPA 1993). Oral exposure 
to 2,4,6-trichlorophenol in rats and mice produces leukemia and liver cancer (ATSDR 
1989, U.S. EPA 1993). EPA has classified 2,4,6-trichlorophenol as a Group B2, 
probable human carcinogen (U.S. EPA 1993). 
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3.1.3.1.2. Pentachlorophenol 
The chemical formula for pentachlorophenol is C6HCl5O, and its molecular weight 
is 266.35 g/mol (ATSDR 1992). It exists as colorless crystals with a sharp, phenolic 
odor when hot, but very little odor at room temperature (ATSDR 1992). The odor 
threshold for pentachlorophenol is approximately 12 ppm (ATSDR 1992). It has a log 
octanol/water partition coefficient (log Kow) of 5.01 (ATSDR 1992). 
PCP does not readily dissolve in water but is soluble in a variety of organic 
solvents and oils. PCP degrades slowly and, being fat-soluble, it can accumulate in the 
food chain and eventually end up in the fat of humans, fish and other animals. Solubility 
and distribution ratios of PCP differ significantly with pH. Jafvert et al., 1990, also 
reported an increase in the distribution ratio with a decrease in pH. In addition, the ionic 
strength and the background electrolyte have been shown to influence the distribution 
ratio of PCP between octanol and water at pH >8. It has a half-life in water ranging from 
20 to 200 days (Mackay 1997). 
The global production of PCP is up to 50 million kg, and about 80% of this is used 
in the protection and preservation of wood from the damaging effects of fungi and 
insects (Tanjore and Viraraghavan 1994). It is also used for the formulation of fungicidal 
and insecticidal solutions and for incorporation into other pesticide products (Tanjore 
and Viraraghavan 1994). 
Pentachlorophenol has been detected at low levels in drinking water and food 
(ATSDR 1992). In River Elbe water (Schmilka measuring station) concentration of 
<0.007 mg/L has been reported by consortium of Elbe river purification 
(Arbeitsgemeinshaft für die Reinhaltung der Elbe - ARGE Elbe 2000).  
Chronic oral exposure to pentachlorophenol in animals has resulted in effects on 
the liver, kidney, and immune system (ATSDR 1992, US EPA 1988). The reference 
dose for chronic oral exposure (RfD) for pentachlorophenol is 0.03 mg/kg/d based on 
liver and kidney pathology in rats (US EPA 1993). 
Oral animal studies have reported increases in liver tumors and two uncommon 
tumors (adrenal medulla pheochromocytomas and hemangiomas) in mice (ATSDR 
1992, US EPA 1993). EPA has classified pentachlorophenol as a Group B2, probable 
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human carcinogen (US EPA 1993). EPA estimates that ingesting water containing 3.0 
Fg/L would result in not greater than a one-in-hundred thousand increased chance of 
developing cancer, and water containing 30 Fg/L would result in not greater than a one-
in-ten thousand increased chance of developing cancer (US EPA 1993). 
Pentachlorophenol has been given a guideline for drinking water by the World 
Health Organization of 10 mg/L (ATSDR 1990). 
 
3.1.3.1.3. 2-Methyl-4,6-dinitrophenol 
The chemical formula for 2-Methyl-4,6-dinitrophenol which is also called Dinitro-o-
cresol (DNOC) is C7H6N2O5, and its molecular weight is 198.15 g/mol (US EPA 1986). 
DNOC occurs as a yellow prismatic solid that is sparingly soluble in water (US EPA 
1986, Budavari 1989). The odor threshold for DNOC has not been established. The 
vapor pressure for DNOC is 0.04 Pa at 25°C (Schwarzenbach et al. 1988) and its log 
octanol/water partition coefficient (log Kow) is 2.564 (US EPA 1986). 
DNOC is strongly phytotoxic and is used as a dormant spray insecticide, especially 
for thinning the blossoms of fruit trees or to kill locusts. It is ovicidal to certain insects 
and spider mites (US EPA 1986, Sittig 1985). DNOC is also used as a contact herbicide 
for the control of broad-leaf weeds in cereals and for the pre-harvest desiccation of 
potatoes and leguminous seed crops (US EPA 1986). DNOC is also used as a free-
radical polymerization inhibitor (US EPA 1986).  
2-Methyl-4,6-dinitrophenol may be released to water in industrial effluents, by 
direct pesticidal applications, or by pesticide leaching or runoff (US EPA 1986). 
Bilateral cataracts and blindness have been observed in individuals chronically 
exposed to DNOC by ingestion (US EPA 1986). Effects to the cardiovascular, 
gastrointestinal, and central nervous systems and changes in blood counts of 
chronically exposed workers have been reported (US EPA 1986). Decreased weight 
gain and food consumption have been observed in rats chronically exposed to DNOC 
by ingestion. Changes in the blood and urine, decreased liver enzyme activity, and 
changes in the absolute and relative organ weights (increased weights of the heart, 
brain, liver, kidney, spleen, adrenals, and thyroid and decreased weights of the thymus, 
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uterus, ovaries, testes, and prostate gland) were also reported in rats; increased liver 
weight was described at all concentrations of exposure (US EPA 1986). EPA has not 
established an RfD for DNOC (US EPA 1993). 
No information is available on the carcinogenic effects of DNOC in humans or 
animals (US EPA 1986). EPA has not classified DNOC as to its potential 
carcinogenicity. 
 
3.1.3.1.4. 2,4-dinitrophenol 
The chemical formula for 2,4-dinitrophenol is C6H4N2O5 and the molecular weight 
is 184.11 g/mol (Budavari 1989). The vapor pressure for 2,4-dinitrophenol is 0.68 Pa 
(Schwarzenbach et al. 1988), and its log octanol/water partition coefficient is 1.91 (US 
DHHS 1993). 2,4-Dinitrophenol exists as yellowish crystals, is slightly soluble in water, 
and is volatile with steam (Budavari 1989). The odor threshold for 2,4-dinitrophenol is 
not available. 
2,4-Dinitrophenol is used in the manufacture of dyes and wood preservatives and 
as a pesticide (Budavari 1989). It is also used as an indicator for the detection of 
potassium and ammonium ions (Budavari 1989).  
Little information is available on environmental exposure to 2,4-dinitrophenol. The 
available data suggest that exposure to 2,4-dinitrophenol occurs primarily from pesticide 
runoff to water (US EPA 1994). 
Chronic (long-term) oral exposure to 2,4-dinitrophenol in humans and animals has 
resulted in the formation of cataracts and skin lesions and has caused effects on the 
bone marrow, central nervous system, and cardiovascular system (National Research 
Council 1982). The RfD for 2,4-dinitrophenol is 0.002 mg/kg/d based on cataract 
formation in humans (US EPA 1993). EPA has low confidence in the study on which the 
RfD was based since this study only describes anecdotal data; low confidence in the 
database since the supporting database is meager; and, consequently, low confidence 
in the RfD (US EPA 1993).  
EPA has determined that there are inadequate data for the establishment of an 
RfC for 2,4-dinitrophenol (US EPA 1993). 
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No information is available on the carcinogenic effects of 2,4-dinitrophenol in 
humans. One oral study in mice reported no tumor formation after 6 months exposure, 
but another study reported that 2,4-dinitrophenol did not promote tumor development in 
mice (U.S. Department of Health and Human Services 1993). EPA has not classified 
2,4-dinitrophenol for potential carcinogenicity (US EPA 1994). 
 
3.1.3.2. Concentration determination 
Various methods have been developed for the analysis of phenols in water and 
wastewater samples, e.g. GC-MS (U.S. EPA 1984), HPLC-diode array detection (DAD) 
(Brouwer and Brinkman 1994, Belloli et al. 1999), HPLC-electrochemical detection 
(ED)( Puig and Barceló 1997, Puig and Barceló 1995), HPLC-atmospheric pressure 
chemical ionisation (APCI) MS (Puig et al. 1997, Jáuregui et al. 1997) and HPLC-
particle beam (PB) MS (Hogenboom et al. 1997). 
But the appropriate detection limits for determination of phenols in natural samples 
can only be achieved by sample preparation techniques, which provide high enrichment 
factors of the investigated analytes (Wissiak et al. 2000). Liquid/liquid extraction has 
been used traditionally for concentration and extraction of chemicals from water 
samples (Kontsas et al. 1995) but phenolic compounds are difficult to extract because 
they are polar (acidic), and hence hydrophilic. Secondary problems with liquid/liquid 
extraction include co-extraction of other compounds, making determination by HPLC 
with UV detection more complex, and the formation of emulsions, leading to poor 
extraction efficiency. The alternative to liquid/liquid extraction is solid phase extraction 
(SPE) which contains many advantages (Colina et al. 1995) for the extraction of various 
organochlorine species. Solid phase extraction cartridges are based traditionally on a 
surface modified silica, where the modification is usually an n-alkyl bonded moiety 
(typically C 18 or C 8) providing a low polarity surface, with extraction being achieved by 
partition rather than adsorption. 
The SPE followed by HPLC with diode-array detector was used for determination 
of phenols in this study.  
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3.1.3.2.1. Sample preparation 
LiChrolut EN solid phase extraction columns (1.19870.0001, Merck, 200mg, 3mL) 
were used for extracting phenols from water samples and concentrating in acetonitrile. 
For conditioning the sorbent, the SPE columns were flushed out with methanol and 
acidified water respectively. Immediately after conditioning, 25 mL samples, which have 
been taken from the outlet of experiment column, were enriched on SPE columns and 
the columns were rinsed with acidified water and dried with nitrogen gas afterwards. 
After drying in nitrogen gas the SPE columns were flushed with acetonitrile and the 
extract was gathered. The extract has been cleaned up by flushing through Florisil SPE 
columns (1.19127.0001, Merck, 150-250µm, 1000mg, 6mL) to remove undesired matrix 
constituents  of the river water ( natural organic compounds), one column volume 
hexane and one column volume acetonotrile/methanol solution (1:1, v/v) were 
respectively flushed through the column for conditioning the column before extraction. 
The Florisil SPE column was finally flushed out with one column volume 
acetonitril/methanol solution (1:1, v/v) and the eluate was concentrated to 1 mL under 
nitrogen gas and made up to 2 mL with 1% acetic acid solution. Table (9) illustrates the 
details of different steps of extraction process. 
 
3.1.3.2.2. Analysis 
HPLC/DAD (Diode Array Detection) method was employed for analysis of phenols 
in this study. HPLC conditions have been shown in table (10). The peak identification 
was found by comparison of the retention time with that of the standard solutions and by 
comparison of spectra (wave length range 220 to 290 nm). 
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TABLE 9  Solid phase extraction methodology 
Extraction 
Extraction Column LiChrolutTM  EN.200mg, 3ml (Cat No 1.19870-0001) 
Solvents A:  HPLC grade methanol 
 B:  HPLC grade water adjusted to pH 2.0 with 32%  
                                               hydrochloric acid 
 C:  Acetonitril / methanol  1:1 , v/v  
Sample preparations  Adjusting water sample to pH 2.0 with 32% hydrochloricacid 
 
Conditioning of column a) Flushing out two column volume (3ml) of  A  
 b) Flushing out two column volume (3ml) of  B 
Sample injection Injection 25 ml water sample onto the SPE column using 
vacuum manifold (immediately after conditioning) 
Cleaning  Flushing out one column volume (3ml) of  B 
Drying  Drying with nitrogen gas 
Elution  Recovering the phenols in 5 steps using respectively 0.8 - 0.7  
 0.6 - 0.6 - 0.3 mL of C 
 
 
Clean up 
Clean up column LiChrolut ®, Florisil (150-250µm), 1000mg, 6ml  
 (Cat No 1.19127-0001) 
Solvents D:  Hexan 
 C:  Acetonitril / methanol  1:1  v/v  
 E:  Acetic acid solution  1% volumetric  
Conditioning of column a) Flushing out one column volume (6ml) of  D  
 b) Flushing out one column volume (6ml) of  C 
Sample injection Injection the eluate from extraction step onto the clean up  
 column  (immediately after conditioning) 
Elution Flushing out one column volume (6ml) of  C 
 
 
Concentration 
Concentration Concentration the final eluate to 1 mL under nitrogen gas and  
  made up to 2ml with D 
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TABLE 10 HPLC methodology 
 
 
Column Macherey-Nagel cc 125/4 Nucleosil 100-5 C18 phenol 
Guard column Macherey-Nagel cc 8/4 Nucleosil 100-5 C18 phenol  
 (Cat. No.:721453.40) 
Mobile Phase A) Water / acetonitril / acetic acid   50:950:1   v/v/v   
 B) Water / acetonitril / acetic acid   950:50:1   v/v/v   
Gradient shape 0-6 min 5% A 
 6-28 min 5→43% A 
 28-35 min 43→95% A 
 35-45 min 95% A 
 45-52 min 95→5% A 
 52-60 min 5% A 
Detection DAD L4500 Merck 
  
Flow rate 1 mL min-1 
Injection Vol 80 µL 
Peaks (1) phenol (2) 4-nitrophenol (3) 2-chlorophenol 
 (4) 3-chlorophenol (5) 2,4-dimethylphenol 
 (6) 2-methyl-4.6-dinitrophenol   (7) 2,4,6-trichlorophenol 
 (8)pentachlorophenol 
 
Chromatogram: 100µg L-1 per compound after enrichment 
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8
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3.2. Column experiments 
Because of very low organic carbon content (<0.1%) of the sorbent, it was not 
possible to determine the sorption coefficient (Kd ) from batch experiment, then the flow 
through method used which more closely represents relevant field conditions during 
transport of contaminants with groundwater, seepage water and bank filtrate. 
The main objectives of the column experiments are: to study the sorption and 
attenuation of contaminants; to determine (estimate) the number of pore volumes 
required to achieve breakthrough of a contaminant; to provide the information 
necessary for the calculation of the retardation and sorption parameters. 
 
3.2.1. Column packing and experimental set-up 
One dimensional column experiments under water saturated conditions were 
performed using a stainless steel column having an internal diameter of 7.5 cm and a 
length of 50 cm. Stainless steel frits of 2-µm pore size were used to prevent migration of 
fine particles of the aquifer materials and soils. Each column was packed as uniformly 
as possible by flooding from below and filling in the solids from above at the same time. 
In that way the column could be homogeneously packed which minimised entrapped air 
bubbles and grain size separation due to gravity in the supernatant aqueous phase. 
Additionally chloride, added as sodium chloride, was used as a conservative tracer. 
Experimental setup has been shown in figure (3). In all column experiments the flow 
direction was from bottom to top. 
 
                                               Figure 3. Experimental set-up 
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3.2.2. Preparation of test water  
In experiments related to pH effect study, deionised water (Milli-Q water EC < 2 
µS/cm) and in experiments related to the study of NOM effect filtered River water (see 
section (3.1.2.1.)) was used.  
Concentrated methanol stock solutions were prepared for each phenol. Methanol 
was used because it is completely miscible in water. The concentration of each phenol 
in methanol was 5 g/L. A mixed aqueous solution of phenols (see section (3.5.1) and 
(4.1.)) with concentration of 5 mg L-1 was prepared from the stock solution in high 
performance liquid chromatography (HPLC) grade pure water. 200 mL of the mixed 
phenol solution were spiked into 10 L of buffer solution (acetic acid/sodium acetate and 
hydrogen/dihydrogen phosphate) that give rise to a final column influent solution with a 
concentration of 0.1 mg L-1. NaCl as a nonsorbing and conservative solute was added 
to the column influent solution.  
 
3.2.3. Experimental procedure 
After packing the column and arranging the experimental set-up buffered pure 
water/buffered Elbe water containing tracer (NaCl) was pumped through the column. 
The column was operated at room temperature.  
Before starting the experiment buffered pure water/buffered Elbe water was 
pumped on to the column until steady-state water saturation conditions were 
established, which required about 12 hours and confirmed by reaching a constant 
electrical conductivity and pH value of the column outlet. The constancy of electrical 
conductivity and pH value was monitored periodically. 
Buffered pure water/buffered Elbe water spiked with aforementioned phenols was 
fed to the column inlets from the reservoir at flow rates of about 6 mL/min. Constancy of 
flow was periodically checked by collecting fractions. These measured flow rates were 
occasionally checked against the average flow rate determined by collecting and 
measuring all effluent over the injection period and they compared well in all cases. 
Column effluents were collected in vials, acidified to pH<2 immediately after 
collection and capped. The samples were pre-treated immediately after sampling and 
SPE columns were frozen after extraction till the time of analysis. Detection and 
quantification was done as described before. Some details of the conditions for the 
breakthrough experiments are given in table (11). 
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TABLE 11 Experimental conditions of column studies 
Column length (L) Cross-sectional area of 
column (A) 
Pore water velocity 
(Vw) 
Initial concentration of 
each phenol (c0) 
[m] [m2] [m h-1] [mg L-1] 
0.5 0.0044 0.24 0.1 
 
 
3.2.4. Evaluation of experimental data 
The column experimental data were evaluated for determining the hydrodynamic 
properties such as porosity, average linear velocity and dispersivity from tracer 
experiments.  
The average pore water velocity was determined from the quantity of water 
discharging per unit time, Q [L³ T-1], divided by the cross-sectional area, A [L²] and the 
flow effective porosity, ε [-] as: 
 
 
A
Q
Vw
ε
=  (35) 
For the determination of porosity it is assumed that a pore volume is exchanged, if 
the tracer concentration of effluent, c, achieves 50 % of the input /influent concentration, 
c0. On this assumption applies: 
 
 
V
tQ 0.5
=  (36) 
 
where V [L³] is the volume of the column, t0.5  [T] is the time required for the effluent 
concentration to reach c/c0 = 0.5. 
 
From the experimentally determined breakthrough curves of reactive solute, the 
retardation factor, and longitudinal dispersion coefficient, were estimated by curve fitting 
using an extended dispersed flow - local equilibrium model (DF-LEM) (Worch 2004).  
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The apparent sorption coefficient (combining the contribution from neutral as well 
as from ionised species), Kd [L
3 M-1], was calculated from retardation factor, Rd [-], 
using: 
 
b
dd
ρ
RK
ε
1)( −=  (37) 
where ε [-] is the porosity and ρb [M L
-3] is the bulk density. 
Bulk density has been calculated using following equation 
 gb ρ-ρ )(1 ε=  (38) 
where ρg [M L
-3] is grain density.  
 
3.3. Pre-experiments 
In order to identify fate processes other than sorption (e.g. biodegradation, 
evaporation) affecting transportation of phenols in investigated soil material, a pre-
experiment has been performed before starting main column experiments. 
In these experiments, concentration variation of aforementioned phenols in a 
solution of natural river water (River Elbe Dresden) and at different conditions (room 
temperature (20±2°C), low temperature (-4°C) and in the presence of mercuric ions 
(HgCl 0.1mg/L)) was monitored in a time period of 28 hour, while initial concentration of 
each phenol was 100 µg/L. 
Results of these experiments show that concentration of 4-NP, 2-CP, 2-M-4,6-
DNP, 2,4,6-TCP and PCP doesn’t vary significantly during monitoring period. But as it 
has been illustrated in figures (4a-h) concentration of Phenol, 3-CP and 2,4-DMP 
reduces by time proceeding and on the other hand lowering temperature and presence 
mercuric ions limits concentration reduction (refer to appendix (2), table (A.2.1.), for 
experimental data), then it is deduced that biodegradation could be main fate process, 
which have caused concentration reduction. These processes will cause 
underestimation in sorption coefficient determination from column experiments. 
Furthermore, if the solute is biodegradable, sorption plays no role for furthur transport in 
the subsurface. Therefore, these three recent phenols have been removed from the list 
of phenols. 
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FIGURES 4a-c Concentration variation of phenols with time in a solution of natural river water: 
(___ 20±2°C, _ _ _  -4°C, .… 20±2°C and in presence of HgCl (0.1 mg/L)), c0 = 100mg/L for 
each phenol 
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FIGURES 4d-f Concentration variation of phenols with time in a solution of natural river water: 
(___ 20±2°C, _ _ _  -4°C, .… 20±2°C and in presence of HgCl (0.1 mg/L)), c0 = 100mg/L for 
each phenol 
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FIGURES 4g-h Concentration variation of phenols with time in a solution of natural river water: 
(___ 20±2°C, _ _ _  -4°C, .… 20±2°C and in presence of HgCl (0.1 mg/L)), c0 = 100mg/L for 
each phenol 
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3.4. Initial Screening 
While organic carbon content of the sorbent and hydrophobicity of investigated 
phenols are very low (tables (2 and 7)), initial screening has been performed in order to 
find out if retardation of these phenols is measurable. In these experiments mixed 
solution of phenols in pure water, buffered in low pHs (pH=4.4 and 4.8), with 
concentration of 100 µg/L was pumped into test column (test column conditions have 
been illustrated in table (11)) and breakthrough curves were used to calculate 
retardation factor. 
Results of this screening shows that movement of three phenols (2-M-4,6-DNP, 
2,4,6-TCP, PCP) have been retarded by sorption. No sorption have been detected for 
Phenol, 4-NP, 2-CP, 3-CP and 2,4-DMP (figure(5a-h), refer to appendix (2) table 
(A.2.2.) for experimental data). Therefore main experiments have been performed on 
first three phenols (2-M-4,6-DNP, 2,4,6-TCP, PCP) in order to study pH and NOM 
effects. 
 
3.5. Main Experiments 
3.5.1. Study the competition in sorption 
Single as well as mixture experiments of the three phenols (2-M-4,6-DNP, 2,4,6-
TCP and PCP) were carried out to study the possibility of competitive sorption. 
Single experiments were performed in the same condition as mixture experiments 
(see section (3.2.3.)), with initial concentration of 100 µg/L and at pH = 4.8. Calculated 
sorption coefficient was compared with that achieved from mixture experiment. 
Low pH , pH = 4.8 , has been selected for this study because in lower pHs higher 
adsorbability and more possibility for competitive sorption is expected.  
The calculated apparent sorption coefficient was compared with that achieved 
from mixture solute experiments.  
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FIGURES 5a-c Breakthrough curves of investigated phenols, pH = 4.4 (  ◦ Tracer,  □ phenol). 
 
 
Phenol
-0.2
0
0.2
0.4
0.6
0.8
1
1.2
0 0.4 0.8 1.2 1.6 2
V/Vp
c
/c
0
 
2-Chlorophenol
-0.2
0
0.2
0.4
0.6
0.8
1
1.2
0 0.5 1 1.5 2
V/V p
c
/c
0
 
4-Nitrophenol
0
0.2
0.4
0.6
0.8
1
1.2
0 0.5 1 1.5 2
V/V p
c
/c
0
(5a) 
(5b) 
(5c) 
46  Materials and methods 
 
 
FIGURES 5d-f Breakthrough curves of investigated phenols (  ◦ Tracer,  □ phenol), pH=4.4 for 
3-CP and 2,4-DMP, pH = 4.8 for 2-M-4,6-DNP. 
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FIGURES 5g-h Breakthrough curves of investigated phenols, pH = 4.8 (  ◦ Tracer,  □ phenol).
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3.5.2. Study the pH effect 
3.5.2.1. Column experiment 
To study the pH effect, one-dimensional column experiments under water 
saturated condition at pH values equal to 4.4, 4.8, 5.4, 6.0 and 6.9 were performed. 
These pH values were selected to reflect the values found in natural waters and also 
represent almost a wide range of α values for investigated phenols. Acetic acid/acetate 
and hydrogen phosphate/dihydrogen phosphate buffers have been used to maintain a 
constant and stable pH throughout the experiments.  
The pH and conductivity of the inlet solution and outlet were determined 
periodically during the time period of experiment to check that a stable geochemical 
equilibrium is established in investigated column. A glass electrode in the company of a 
Ag/AgCl/KCl reference electrode was applied to determine the pH value. 
 
3.5.2.2. Data analysis 
From the experimentally determined breakthrough curves, the retardation factor, 
Rd and sorption coefficient, Kd, were calculated as described in section (3.2.4.) 
Kd  for each phenol were resolved into Kd 
N
 and Kd 
I by plotting Kd  versus degree of 
protonation, α, and determining the slope and intercept by linear regression according 
to Eq. (16). α was calculated for each pH using the published thermodynamic pKa 
values according to Eq. (14). The normalized sorption coefficient, Koc was calculated by 
dividing Kd  by the fraction of organic carbon (foc). 
By comparing calculated sorption coefficient of neutral form with some correlation 
equations (table (1)), it has been investigated if sorption of neutral form of ionisable 
substituted phenols could be estimated from n-octanol-water partition coefficient or 
water solubility. 
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3.5.3. Study the NOM effect 
3.5.3.1. Sorption at different pHs 
Test water used in column experiments was prepared using filtered natural river 
water (Elbe river, Dresden, 6…7 mg L-1 DOC) by the method which has been explained 
in section (3.1.2.1.). 
The pH values of the phenol solutions was set equal to 4.6, 4.8, 5.1, 5.2, 5.4, 5.6, 
5.9 and 7.4 by using acetic acid/sodium acetate and hydrogen phosphate/dihydrogen 
phosphate buffers in lower mM range.  
To determine breakthrough curves, 25 mL samples were taken from the column 
outlet in defined time intervals. The phenols were analysed by the method which is 
described in section (3.1.3.2.). 
From the experimentally determined breakthrough curves, the retardation factor, 
Rd and apparent sorption coefficient in the presence of NOM, Kd
*, were calculated as 
described in section (3.2.4.). 
Sorption coefficient (in the absence of NOM), Kd, in each pH was predicted from  
Kd
 N and Kd
 I values (Eq. (16)). 
Kd and Kd
* values were compared and Eqs. (33) and (34) were used to estimate 
the binding constants from sorption reduction. 
 
3.5.3.2. Sorption at different NOM concentration 
To study the NOM concentration effect, sorption experiments have been 
performed in DOC concentrations range (2.4-11.9 mg L-1) and constant pH=4.8. 
The same procedure which has been explained in section (3.5.3.1) was employed 
in this set of experiments.  
Sorption of 2,4-DNP in presence of different concentrations of NOM has been also 
investigated in recent study. 
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4. Results and discussion 
4.1. Competition in sorption 
The Kd values in all experiments are calculated from experimental retardation 
factor, Rd, using Eq. (37) (section (3.2.4.)) assuming a linear sorption isotherm. This 
linear assumption was confirmed indirectly by carrying out single as well as mixture 
experiments of the three phenols (PCP, 2,4,6-TCP, 2-M-4,6-DNP) in pH=4.8 (see also 
section (3.5.1.)). No competition effect was observed (figures (6a-b)) which indicates 
that linear isotherms are valid for all three investigated phenols (Schreiber and Worch 
2000). Detailed information about breakthough data could be found in appendix (2), 
section (A.2.3.). 
 
4.2. pH effect 
4.2.1. Sorption of phenols at different pH values 
Figures (7a-c) shows the breakthrough curves of the phenols investigated at 
different pH values using the pore volumes flushed (V/VP) as a modified time axis. It can 
be seen that the sorption (retardation) decreases with increasing pH value 
corresponding to the increasing degree of dissociation. As expected the sorption of ions 
is significantly lower than that of neutral species.   
The values of the apparent sorption coefficients (Kd) are compiled in Table (12). 
More details containing DF-LEM curve fitted with experimental breakthrough data for 
each experiment have been illustrated in Appendix (2), section (A.2.4.). 
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FIGURES 6a-b Breakthrough curves of  single compounds  a) 2-M-4,6-DNP, b) 2,4,6-TCP and 
mixtures of eight different phenols including 2-M-4,6-DNP, 2,4,6-TCP, and PCP 
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FIGURES 7a-c Breakthrough curves of phenols showing the effect of pH on the 
sorption/retardation: a) 2-M-4,6-DNP  b) 2,4,6-TCP  c) PCP 
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Table 12 Apparent sorption coefficients, Kd (L/kg), obtained from column experiments at 
different pH values 
1 2-M-4,6-DNP was investigated in a separate experiment with ε = 0.39 and ρb = 1.62 g/cm
3.    
n.d. – not determined 
 
The pH values were selected to reflect the values found in natural waters and to 
get a range of α values for the compounds investigated. The differences in Kd at each 
pH values are evident, table (12), and are primarily the result of the differences in α. It is 
also likely that for chlorophenols, an increase in the number of chlorine substituents 
leads to an increase in the acidity and an increase in the hydrophobicity (see Table (7)). 
Although the degree of protonation of PCP is lower than that of 2,4,6-TCP at the same 
pH values, PCP will be retarded more than 2,4,6-TCP due to its higher hydrophobicity. 
From the data given in table (7), it is observed that the neutral 2-M-4,6-DNP is less 
hydrophobic than the neutral 2,4,6-TCP (taking log Kow as a measure of hydrophobicity) 
and consequently a lower Kd  value was expected for 2-M-4,6-DNP than for 2,4,6-TCP 
at low pH values where the sorption of neutral species dominates. But experimentally a 
higher Kd is observed for 2-M-4,6-DNP than for 2,4,6-TCP. On the other hand, the 
sequence of adsorbability is in accordance with the sequence of solubility: the lower the 
solubility the higher the adsorbability. The use of Kow or solubility to predict sorption 
coefficients will be discussed later.  
4.2.2. Prediction of sorption coefficients 
As mentioned before, phenols can occur both in ionic and neutral species 
depending upon solution pH and sorbate's pKa values. The overall sorption coefficients 
of the neutral and ionised species were resolved into Kd 
N
 and Kd 
I
 by using the 
   
   
    Sorbate 
   
 pH = 6.9 
   ε = 0.37 
 ρb = 1.67 g/cm
3 
 
  
 pH = 6.0 
   ε = 0.38 
 ρb = 1.64 g/cm
3 
 
 pH = 5.4 
   ε = 0.37 
 ρb = 1.67 g/cm
3
 
 
 pH = 4.8 
   ε = 0.37 1 
 ρb = 1.67 
1g/cm3 
 
  pH = 4.4 
    ε = 0.38 
  ρb = 1.64 g/cm
3
 
 
2-M-4,6-DNP              0.01                      0.02                      n.d.                    0.13                  0.36 
 
2,4,6-TCP                   0.03                      0.09                     0.11                    0.12                   n.d. 
 
PCP                            0.08                      0.28                     0.62                    1.24                   n.d. 
                                                                                                                                          pH effect     55 
regression correlation shown in figure (8a-c) when Kd  was plotted versus degree of 
protonation. This regression correlation corresponds to the linear model given by Eq. 
(16). The resolved Kd 
N
 and Kd 
I values are given in table (13). As expected, Kd 
N  value 
increases as the degree of chlorination increases (see 2,4,6-TCP and PCP values in 
table (13)). In all cases Kd I values are lower than corresponding Kd N  values but are not 
always insignificant. The ratio of Kd 
N to Kd 
I is 5.3 for 2,4,6-TCP and 20.7 for PCP, 
respectively. For PCP, the Kd 
I was calculated to be 0.123 L/kg, a value which is in the 
same order of magnitude as the Kd 
N of 2,4,6-TCP on the same sediment (0.132 L/kg), 
demonstrating that the sorption of the ionised form of highly chlorinated (more 
hydrophobic) compounds can actually be comparable to that for the neutral form of 
analogous with lower degree of chlorination (lower hydrophobicity).  
The organic carbon normalized coefficients Koc
N (6780) and Koc
I (320) found for 
PCP compares in the order of magnitude with those given by Fall et al., 2001 (8010 and 
714). 
It is also evident from figure (8a-c) that the linear model described by the Eq. (16) 
can satisfactorily be used (correlation coefficients R² > 0.95) for the prediction of 
sorption of both species (Kd 
N
 and Kd 
I) based on apparent sorption (Kd) as a function of 
degree of protonation (α). 
 
Table 13 Sorption coefficients of neutral (Kd 
N) and ionic (Kd 
I) species determined from 
Eq. (16) and corresponding organic carbon normalized coefficients Koc
N and Koc
I
 
 Sorbate                    Kd 
N                      Kd
 I                 Koc
N                    Koc
I 
 
                                 L/kg                     L/kg                L/kg                   L/kg 
 
 
2-M-4,6-DNP           0.76                     0                      2020                     0  
 
2,4,6-TCP                0.13                     0.025                 350                   66 
 
PCP                         2.55                     0.12                 6780                 320 
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FIGURES 8a-c Sorption coefficients depending on the degree of protonation and resolution of 
apparent (observed) sorption coefficients (Kd) into sorption coefficients of neutral (Kd 
N) and 
ionised (Kd 
I) species according to Eq. (16): a) 2-M-4,6-DNP  b) 2,4,6-TCP  c) PCP 
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On the basis of our experimental data and model simulation (solid line: Eq. (16), 
dotted line: Eq. (17)) presented in figures (9a-c), it can be seen that the predictions 
based on the simple model given by Eq. (17), where only the sorption of neutral species 
is considered, are in reasonable agreement with the measured data. In the case of 2-M-
4,6-DNP both equations give the same results because Kd 
I ≈ 0.  
It is also evident from the figures (9b and 9c) that for the chlorinated phenols, the 
apparent sorption coefficient can be predicted by the simple model (Eq. (17) especially 
when the pH is < pKa. This result suggests that for pH < pKa, the overall sorption is 
dominated by the sorption of neutral species. On the other hand, at pH > pKa, the 
overall sorption is significantly influenced by phenolate sorption and the Eqs. (16) and 
(17) give different results. In this case the use of the simplified Eq. (17) may lead to an 
error, but can be accepted as an approximation, in particular if taking into account the 
uncertainties of the experiments and of the regression analysis.  
In figures (10a-b) some LFER based correlations for Koc prediction are shown in 
comparison to the experimentally determined sorption coefficients. Organic carbon 
normalized sorption coefficients, Koc, were predicted from n-octanol-water partition 
coefficient, Kow, using correlations especially proposed for phenols by Sabljic et al.1995 
and chlorinated phenols by van Gestel et al. 1991 (table (1)). 
Alternatively, solubility (S) based correlations proposed by Grathwohl & Rahman, 
2002, and Allen-King et al., 2002 (table (1)) were used to predict Koc.  
For all three log Koc – log Kow correlations (figure (10a)), relatively great differences 
between predicted and experimentally determined Koc values were found, except for 
PCP.  In particular, 2-M-4,6-DNP is much better sorbed than it could be expected from 
its Kow. If considering only the chlorinated phenols the correlation proposed by van 
Gestel et al. gives the best results.  
As can be seen from figure (10b) both solubility based correlations can predict the 
experimental Koc much better than the log Kow based correlations (for data table refer to 
appendix (2), table (A.2.4.)). 
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FIGURES 9a-c Experimental and predicted sorption coefficients, Kd, as a function of pH. 
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FIGURE 10a-b Sorption coefficients, Koc, predicted using n-octanol-water partition coefficient 
(a) and solubility (b) based correlations in comparison to experimentally determined Koc values 
(Koc = Kd 
N/foc) 
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4.3. NOM effect 
4.3.1. Sorption of phenols from NOM-containing water at different 
pH values 
Column experiments at different pH values and at nearly constant DOC 
concentration (mean value 6.5 ± 0.5 mg/L) were carried out to quantify the influence of 
NOM on the sorption of neutral and ionised forms of phenols. The range of pH 
(4.6…7.4) was selected to realize different degrees of protonation and also to reflect the 
values found in natural waters. 
Table (14) shows the apparent sorption coefficients of 2-M-4,6-DNP, 2,4,6-TCP 
and PCP estimated at different pH values. More details containing DF-LEM curve fitted 
with experimental breakthrough data for each experiment have been illustrated in 
Appendix (2), section (A.2.5). 
Table 14 Apparent sorption coefficients, Kd
*, obtained from column 
experiments at different pH values 
 
 
 
 
 
 
 
 
 
 
 
pH β(DOC) 
in mg/L 
 Kd
* in L/kg  
  2-M-4,6-DNP 2,4,6-TCP PCP 
4.6 7.1 0.14 0.12 - 
4.8 6.7 0.10 - 1.16 
5.1 7.1 0.09 0.13 0.83 
5.2 6.3 0.07 0.12 0.82 
5.4 6.8 0.06 0.08 0.42 
5.6 6.0 0.03 - 0.56 
5.9 5.9 0.02 0.07 0.25 
7.4 5.9 0.00 0.03 0.09 
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As can be seen from the given data, the sorption decreases with increasing pH 
corresponding to increasing degree of dissociation (decreasing degree of protonation). 
Obviously, the sorption of ionic species is significantly lower than that of neutral 
species. To quantify the influence of NOM on sorption, the given results have to be 
compared with the intrinsic sorption coefficients. As it was shown in section (4.2.) the 
pH-dependent phenol sorption from pure water can be described by a linear model 
according to Eq. (16). For the phenols investigated the following expressions were 
found:  
2-M-4,6-DNP: Kd = 0.756 α  (39) 
2,4,6-TCP: Kd = 0.107 α  + 0.025 (40) 
PCP: Kd = 2.422 α  + 0.123 (41) 
Comparing the sorption coefficients given in table (14) with the predictions 
resulting from Eqs. (39)-(41) shows that the presence of NOM in aqueous media does 
not significantly affect the adsorbability of 2,4,6-TCP and PCP in the whole pH range 
investigated (figures (11a and 11b)). Obviously, neither ionic nor neutral species of 
these compounds interact significantly with NOM.  
Ohlenbusch and Frimmel, 2001, have studied the binding of various phenols 
(mainly chlorophenols) to Aldrich humic acid. They have found binding constants 
ranging from 102 to 103 L/kg . Taking the highest value and assuming a mean DOC 
concentration of 6.5 mg/L it can be derived from Eq. (21) that the relative decrease of 
the sorption constant could be at maximum 0.65%. Consequently, if there is a complex 
formation between the chlorinated phenols and the NOM, it is too weak to reduce the 
sorption significantly.  
In contrast to it, the apparent sorption coefficient of 2-M-4,6-DNP is affected by 
NOM (figure (11c)). For 2-M-4,6-DNP, a verification of the sorption reduction by use of a 
model calculation as shown above for chlorophenols is not possible, because binding 
constants for 2-M-4,6-DNP as well as for other nitrophenols were not available. Rebhun 
et al. 1996, have stated that the strongest effects of binding on retardation reduction 
can be expected for substances with high hydrophobicity (high log KOW). Consequently, 
for 2-M-4,6-DNP which is more hydrophilic than PCP and 2,4,6-TCP, no measurable  
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FIGURES 11a-c Experimentaly determined sorption coefficients for sorption from 
natural river water comparing with predicted sorption coefficients according to Eqs. 
(39-41) for sorption from pure water: a) 2,4,6-TCP  b) PCP  c) 2-M-4,6-DNP 
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effect should be expected. An explanation for the exceptional behaviour of 2-M-4,6-
DNP might be that there are specific interactions between nitrophenols and NOM. It is 
known that nitrophenols are able to form charge-transfer complexes. Due to inductive 
and resonance effects the nitro group causes an electron-withdrawing effect from the 
aromatic ring. Such systems with low electron densities in the ring may interact with 
other π-electron systems. This is well-known from strong interaction of trinitrophenol 
and trinitrobenzene e.g. with naphthalene. Taking into account that humic acids contain 
aromatic structure elements, it seems to be possible that formation of such charge-
transfer complexes is responsible for the unexpected results found for 2-M-4,6-DNP. An 
increased binding of nitroaromatics onto dissolved humic substances in comparison to 
mono- and polyaromatic hydrocarbons was also reported by Poerschmann et al. 1999. 
The assumption of specific interactions between nitrophenols and humic substances is 
corroborated by comparable results found for 2,4-DNP, which are discussed in a later 
section. 
Furthermore, it can be derived from figure (11c) that the reduction of the sorption 
coefficient increases with increasing fraction of the neutral form. This behaviour is 
comparable with the sorption from pure water where neutral species are favourably 
sorbed (see the linear relations given by Eqs. (39)-(41), also shown in figures (11a-c). 
Taking into account the widely accepted assumption that sorption of hydrophobic 
substances takes place mainly on the organic fraction of the solid, the same binding 
mechanism for solid and dissolved NOM can be postulated. In both cases the higher 
polarity of anions and charge repulsion between phenolate and ionised groups of humic 
material are possible reasons for lower binding tendencies at higher pH values. In the 
special case of 2-M-4,6-DNP the phenolate anion (α = 0) shows no sorption from pure 
water and consequently no sorption reduction can be observed.   
If both the sorption and the complex formation of the anions can be neglected, the 
simplified Eqs. (33) and (34) can be used to estimate binding constants of the neutral 
species. In this case the binding constant Kb
N can be estimated directly by plotting 
Kd*/Kd versus α*β(DOC) or (Kd -Kd
*)/Kd
* versus α*β(DOC). These plots are shown in 
figures (12 and 13), for data table refer to appendix (2), table (A.2.6.). 
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Kb
N estimated from Eq. (33) is 3.2 105 L/kg (log Kb
N = 5.50), whereas Kb
N 
estimated from Eq. (34) is 3.6 105 L/kg (log Kb
N =5.56). The difference results from the 
different regression procedures.  
 
 
 
 
 
 
 
FIGURE 12 plotted Kd*/Kd versus α*β(DOC) using results of the first set of experiments for 
estimating binding constant of the neutral species of 2-M-4,6-DNP with NOM according to 
Eq. (33) 
 
 
 
 
 
 
 
FIGURE 13 plotted (Kd -Kd
*)/Kd
* versus α*β(DOC) using results of the first set of 
experiments for estimating binding constant of the neutral species of 2-M-4,6-DNP with 
NOM according to Eq. (34) 
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4.3.2. Sorption of phenols from solutions with different DOC 
concentrations 
From the first set of experiments it could be concluded that the sorption of 2-M-4,6-
DNP is reduced by dissolved humic substances due to complex formation and that the 
degree of sorption reduction depends on the pH (or degree of protonation). In these 
experiments the DOC concentration was nearly constant. In a second set of 
experiments the pH value was held constant and the DOC concentration was varied 
over a wider range to verify the results from the first set of experiments and in particular 
the model used to describe the DHS effect. These experiments were performed at a 
constant pH of 4.8. 
Furthermore, a second nitrophenol (2,4-DNP) was included in order to verify the 
assumption of specific interactions between nitrophenols and DHS. 
The results are shown in table (15). As in the first set of experiments, the sorption 
of chlorophenols is not significantly affected by humic substances, even at the highest 
DOC concentration of 11.9 mg/L. In contrast to it, the sorption of 2-M-4,6-DNP is 
reduced in all experiments, whereby the tendency of reduction increases with 
increasing DOC concentration. The results of the second set of experiments coincide 
with the results shown above and can also be described by Eqs. (33) and (34) (figures 
(14 and 15)), for data tables refer to appendix (2), section (A.2.6.). Regression analyses 
with all data leads to binding constants of Kb
N
  = 4.4 10
5 L/kg or log Kb
N= 5.64 (Eq. (33)) 
and Kb
N = 4.8 105 L/kg or log Kb
N = 5.68 (Eq. (34)), respectively, which are quite similar 
to the constants calculated from the first set of experiments. 
Comparable results were also found for the second nitrophenol investigated (2,4-
DNP). Although there are only few data available, a clear trend of decreasing sorption in 
presence of humic substances can be seen. This finding corroborates the assumption 
of specific interactions between nitrophenols and humic substances, which are 
responsible for a strong reduction of sorption onto solid aquifer material. Because of the 
limited data base and the experimental uncertainties only a rough estimation of Kb
N can 
be made. The value which can be found by non-linear regression according to Eq. (33) 
is Kb
N =2.7 106 L/kg (log Kb
N = 6.43) indicating a stronger binding of 2,4-DNP in 
comparison with 2-M-4,6-DNP.  
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Table 15 Sorption from DOC-containing water (Kd
*) in comparison to sorption from pure water 
(Kd) at pH = 4.8   
β (DOC) 
 mg/L 
                  Kd
*/Kd   
 2,4,6-TCP PCP 2-M-4,6-DNP 2,4-DNP 
2.4 1.04 0.92 0.54 0.50 
5.6 - 0.92 0.54 0.17 
  6.71)  - 0.92 0.54 - 
11.9 0.96 0.95 0.38 0.33 
1)From the forst set of experiments 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 14 plotted Kd*/Kd versus α*β(DOC) using results of both first and second set of 
experiments for estimating binding constant of the neutral species of 2-M-4,6-DNP with NOM 
according to Eq. (33) 
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FIGURE 15 plotted (Kd -Kd
*)/Kd
* versus α*β(DOC) using results of both first and second set of 
experiments for estimating binding constant of the neutral species of 2-M-4,6-DNP with NOM 
according to Eq. (34) 
 
 
4.3.3. Prediction of sorption coefficients 
The estimated binding constants, together with the intrinsic sorption coefficients of 
neutral species, can be used to predict actual sorption coefficients for any given pH 
value and DOC concentration. Figure (16) shows the pH-dependent sorption 
coefficients of 2-M-4,6-DNP for a mean DOC concentration of 6.5 mg/L calculated from 
Eqs. (27) and (32) by using the binding constant Kb
N = 4.4 105 L/kg and the intrinsic 
sorption coefficient Kd 
N = 0.765 L/kg. Although the DOC concentrations in the 
experiments were not exactly 6.5 mg/L in all cases (see table (14)), a good agreement 
between calculated and experimental sorption coefficients was found. Furthermore, it 
has to be noticed that the value of binding constant underlies a variation depending on 
the type of regression analysis and the data set used for fitting. The latter can also be 
seen from figure (17), where the calculated DOC-dependence of Kd
* is compared with 
experimental data from the second set of experiments (pH = 4.8). The calculated and 
experimental data are slightly different, if the binding constant Kb
N = 4.4 105 L/kg is used 
for calculation. This constant was estimated by fitting all data and its value is strongly 
influenced by the first set of experiments. A better agreement between calculated and 
experimental data is found, if a binding constant estimated only from the second set of 
experiments (Kb
N = 6.0 105 L/kg) is used for calculation. In principal, for sorption 
processes in natural systems (geosorbents, river water) larger experimental errors and 
therefore a higher degree of uncertainty in parameter estimation in comparison to well-
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defined model systems have to be accepted. Nevertheless, the model allows predicting 
satisfyingly the trend and the order of magnitude of the influence of DOC and pH on 
sorption.  
 
 
 
 
 
 
 
 
FIGURE 16 Experimental (first set) and predicted (according to Eq. (32)) sorption coefficients, 
Kd
*, of 2-M-4,6-DNP as a function of pH  (mean DOC concentration of 6.5 mg/L, Kb
N = 4.4 .105 
L/kg and Kd 
N = 0.765 L/kg) 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 17 Experimental and predicted (according to Eq. (32)) sorption coefficients, Kd
*, of 2-
M-4,6-DNP as a function of α*β(DOC) ( pH=4.8, Kd 
N = 0.765 L/kg, Kb
N = 4.4.105 L/kg or 6.0.105 
L/kg) 
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5. Summary and conclusion 
In this work, the influence of pH and NOM on the sorption of three different 
phenols (2-methyl-4,6-dinitrophenol, 2,4,6-trichlorophenol and pentachlorophenol) on a 
natural sandy aquifer material was studied in flow through column experiments. 
In first step the sorption coefficients, Kd, of investigated phenols from NOM-free 
solutions (mixed solution of phenols dissolved in deionised water) with different pH 
values were determined. 
Single as well as multi (mixed) solutes experiments confirmed that there was no 
competition effect among the phenols investigated which allow the estimation of Kd 
values for all phenols from a single column experiment at a given pH. 
An increasing sorption/retardation is observed with decreasing pH. A linear model 
is used to resolve the apparent sorption coefficient (Kd) into an ionised (Kd 
I) and neutral 
component (Kd 
N) when Kd is plotted as a function of degree of protonation. This model 
allows a prediction of apparent sorption coefficients for any pH value. Analysis of data 
also revealed that the anion of 2-M-4,6-DNP show no significant sorption and a simple 
model based on the neutral form sorption coefficient Kd 
N was useful in predicting the Kd 
over the entire pH range investigated. For 2,4,6-TCP and PCP, the anion sorption is 
much lower than that of the neutral species but cannot be neglected completely. For 
PCP, the anion sorption is even as high as the sorption of neutral 2,4,6-TCP. Thus for 
such hydrophobic phenols prediction of sorption (Kd) based only on the partitioning of 
non-dissociated species (Eq. (17)) may lead to an error, especially at high pH values (> 
pKa), where ionised form is present predominantly. On the other hand, Eq. (17) is useful 
at pH < pKa or in cases where the anion sorption can be neglected. The advantage of 
Eq. (17) is that it allows predicting the pH-dependent sorption only on the basis of LFER 
correlations. It was shown that the organic carbon normalized sorption coefficients of 
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the neutral forms of the phenols can be predicted better by solubility based regression 
correlations than by n-octanol-water partition coefficient based correlations. 
In second step the apparent sorption coefficients, Kd
*, of investigated phenols from 
NOM-containing solutions (mixed solution of phenols dissolved in natural river water) 
with different pH values were determined; the sorption coefficients obtained from this 
step were compared with the results of the first step examinations. 
Analysis of data revealed that binding of 2-M-4,6-DNP by dissolved humic 
substances reduces the sorption coefficient significantly. In contrast to it, the sorption of 
the more hydrophobic chlorinated phenols is not affected by DHS. A strong reduction of 
sorption onto aquifer material caused by complex formation with DHS was also 
observed for a second nitrophenol (2,4-DNP) and seems to be typically for nitrophenols.  
Although it was shown that, in principle, chlorophenols can associate with 
commercial humic acid (Ohlenbusch and Frimmel 2001), the binding constants are too 
low (1000 L kg-1 for PCP and 490 L kg-1 for 2,4,6-TCP) to affect the sorption/retardation 
under the conditions studied in this work.  
In the case of nitrophenols presence of NOM, even in low concentrations, has a 
significant effect on reduction of sorption coefficient, in particular at low pH values 
where the nitrophenols are not dissociated. A combined sorption and complex formation 
model was proposed which could be used successfully to describe the effect of pH and 
NOM concentration on sorption reduction and to estimate binding constants. The 
binding constant found for 2-M-4,6-DNP (log Kb
N ≈ 5.4…5.7) is much higher than those 
reported by Ohlenbusch and Frimmel, 2001, for chlorophenols associated with Aldrich 
humic acid (log KB ≈ 2…3). This can be interpreted as a result of specific interactions 
between the nitrophenol and DHS.  
This phenomenon may cause an increase of the amount of nitrophenols, which 
can be transported with the groundwater flow and has to be considered in transport 
modelling, especially in cases where pH is lower than pKa. 
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5.1. Environmental significance and applications 
The appropriate selection of models to describe sorption processes is critical for 
accurate prediction of contaminant transport in the subsurface and in the application of 
these models it is essential to describe experimental sorption data in a careful and 
systematic manner. 
Resolution of Kd values of investigated phenols into ionized and molecular 
components indicated appreciable sorption of ionized species with high degrees of 
chlorination. Consequently, the sorption of these compounds cannot be disregarded in 
all cases. 
Nitrophenols are demonstrated to be bound by dissolved humic substances in 
groundwater. This new evidence of binding may have important implications for 
predicting fate and transport of this group. More comprehensive studies are needed to 
evaluate the mechanisms of such behavior. 
By properly using effects of humic substances on the transport of nitrophenols in 
the aquifer, it may be possible to find appropriate techniques (i.e., by the addition of 
humic substances into the aquifer of known sold composition) for the remediation of the 
contaminated aquifer and for the further dispersion of the contaminants in the pollution 
region. 
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A.1. Mineralogy study of aquifer material 
Introduction 
Mineralogy study was performed on investigated aquifer material in order to 
explore the existence of layered silicate minerals, which may influence its sorptive 
properties. Experiments have been done in Institute of Geotechnique, Dresden 
University of Technology 
Sample preparation 
Whole sample was mixed with distilled water and fraction smaller than 63 µm was 
wet sieved. This separation process was applied in order to enrich layered silicate 
minerals for accurate identification. Fraction < 63 µm make up about 0.9 weight % of 
whole sample. Wet solid material (> 63 µm) was air-dried and subsequently hand-milled 
(< 20 µm). The suspension (< 63 µm) was vaporized and samples were prepared using 
different methods: Air drying, coating with ethylenglycol and heating under 550 °C.  
Anlysis 
Fraction > 63 µm was studied under stereomicroscope. Investigation of existent 
minerals in both fractions carried out by X-ray diffractometry in combination with 
thermoanalysis. 
X-ray diffractometry was carried aut under following condition: (Angle 5-80° 2ϑ, 
scan step 4-5 s, step size 0.03°) using Siemens-Diffractometer D5000, Co Kα, 40 kV, 30 
mA. Data analysis has been performed using Diffracplus Basic 4.0 #1, Autoquan. 
Thermoanalysis was performed using NEZSCH STA 409 PG Luxx ® under Air-
statistic atmosphere condition, Al2O3 (heated under 1500°C) was used as reference 
material. 
Results 
From macroscopic survey it was found that investigated material is a light grey-
brown fine to middle sand that contains no silty-clayey particle. 
A-6 
In fraction > 63 µm, quartz as main component, light feldspate as second main 
component, light and dark mica and metamorphic stone pieces (magmatic and 
crystalline slates) are identifiable under microscope. X-ray diffractogram of non-clayey 
fraction also shows that it essentially composed of quartz and feldspate (Albite, 
Orthoclase, Microcline), see figure (A.1.1.). Dark minerals are also observable which 
couldn’t be optically identified, but from texture diffractograms of fraction < 63 µm (figure 
(A.1.2.)) it could be estimated that these dark minerals are hornblende. Macroscopic 
observable dark particles are stone pieces, natural earth minerals and hornblende. Coal 
particles were not found. 
In fraction < 63 µm, Muscovite/Illite/Biotite, Kaolinite and Chlorite from layered 
silicate class minerals are identified. Identification carried out concerning reflex position 
in diffractograms (figure (A.1.1.)). Reflex position may vary by using different treatment 
methods for sample preparation (figure (A.1.2.) (black curve: air dried, blue curve: 
coated with ethylenglycol, red curve: heated under 550 °C)). 
Muscovite/Illite/Biotite: 10°A, 4.99°A, Peak position is the same for all samples with 
different sample preparation methods. 
Kaolinite: 7.16°A, 3.58°A, Same peak position is observed for air-dried and 
ethylenglycol-treated samples. After heating X-ray reflexes are not observable any more 
while between 500°C and 600°C Kaolinite structure would be destroyed because of 
leaving OH groups from octahedral layer (dehydroxylation). Dehydroxylation is 
illustrated in DTA (Differential Thermal Analysis) curves as an endothermic reaction with 
a maximum around 550°C (figure (A.1.3.)). 
Chlorite: Weak and wide reflexes in 14.5°A and 5.53°A, Same peak position is observed 
for air-dried and ethylenglycol-treated samples. After heating X-ray reflexes are not 
observable any more. 
Percentage of component minerals in each fraction and in whole sample is 
presented in table (4) (section (3.1.1.2)). 
 
 
 
Figure A.1.1. Diffractogram of fraction <63µm 
 
 
 
Figure A.1.2. Diffractograms of fraction <63µm using different treatment methods for sample preparation (black curve: air dried, blue curve + 
30.0 mm: coated with ethylenglycol, red curve + 60.0 mm: heated under 550°C) 
 
 
Temperature 
Figure A.1.3. Thermoanalysis curves of fraction <63µm
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A.2.1. Experimental data table relating to pre-experiments 
(section (3.3.)) 
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Table A.2.1. Relative concentration (c/c0) variation of phenols with time in a solution of natural 
river water at different conditions (20±2°C, -4°C, 20±2°C and in presence of mercuric ions 
(HgCl2 0.1 mg/L)), initial concentration (c0) of each phenol is 100 µg/L. 
 
 
Chemical 
 
Condition 
 
 
 
Time 
 
 
   
0 h 
 
8 h 
 
24 h 
 20±2°C 1.00 0.39 0.00 
Phenol -4°C 1.00 0.66 0.37 
 20±2°C  HgCl2  (0.1 mg/L) 
1.00 0.95 0.72 
 20±2°C 1.00 0.89 0.91 
4-NP -4°C 1.00 0.92 1.00 
 20±2°C  HgCl2  (0.1 mg/L) 
1.00 1.00 0.98 
 20±2°C 1.00 1.16 0.75 
2-CP -4°C 1.00 1.17 0.97 
 20±2°C  HgCl2  (0.1 mg/L) 
1.00 1.09 0.79 
 20±2°C 1.00 0.95 0.64 
3-CP -4°C 1.00 1.08 0.94 
 20±2°C  HgCl2  (0.1 mg/L) 
1.00 1.03 0.89 
 20±2°C 1.00 0.85 0.52 
2,4-DMP -4°C 1.00 1.04 0.93 
 20±2°C  HgCl2  (0.1 mg/L) 
1.00 1.07 0.88 
 20±2°C 1.00 0.99 1.00 
2-M-4,6-DNP -4°C 1.00 0.98 1.00 
 20±2°C  HgCl2  (0.1 mg/L) 
1.00 1.01 0.94 
 20±2°C 1.00 0.92 0.94 
2,4,6-TCP -4°C 1.00 0.92 1.00 
 20±2°C  HgCl2  (0.1 mg/L) 
1.00 1.01 0.92 
 20±2°C 1.00 0.88 1.00 
PCP -4°C 1.00 1.11 1.15 
 20±2°C  HgCl2  (0.1 mg/L) 
1.00 1.08 1.02 
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A.2.2. Breakthrough data relating to initial screening (section 
(3.4.)) 
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Tables A.2.2.(a-h) Breakthrough data of eight phenols in acidic pHs relating to initial screening 
experiments (section 3.4.), pH=4.8 for 2-M-4,6-DNP,  2,4,6-TCP and PCP;  pH=4.4 for  Phenol,  
4-NP,  2-CP,   3-CP and 2,4-DMP  
 
 
Table A.2.2.a   Phenol Table A.2.2.b   4-Nitrophenol 
 
 
 
time (min) V/V p c/c 0  (tracer) c/c 0   (Phenol)
0 0.00 0.13 -
2 0.02 0.05 -
4 0.03 0.03 -
7 0.05 0.02 -
12 0.09 0.02 -
24 0.19 0.01 -
42 0.33 0.00 -
52 0.40 -0.01 -
60 0.47 -0.02 -
75 0.58 -0.01 -
89 0.69 0.00 -
97 0.75 0.00 -
111 0.86 0.03 0.00
112 0.87 0.04 -
113 0.88 0.05 -
114 0.88 0.07 -
115 0.89 0.10 -
116 0.90 0.11 0.00
117 0.91 0.15 -
118 0.91 0.17 -
119 0.92 0.20 -
120 0.93 0.23 -
121 0.94 0.26 0.00
122 0.95 0.30 -
123 0.95 0.32 -
124 0.96 0.36 -
125 0.97 0.39 -
126 0.98 0.42 0.53
127 0.98 0.45 -
128 0.99 0.48 -
129 1.00 0.51 -
130 1.01 0.55 -
131 1.02 0.57 0.44
132 1.02 0.60 -
133 1.03 0.62 -
134 1.04 0.64 -
135 1.05 0.67 -
136 1.05 0.69 0.60
137 1.06 0.72 -
138 1.07 0.74 -
139 1.08 0.76 -
140 1.09 0.77 -
141 1.09 0.80 0.70
143 1.11 0.82 -
144 1.12 0.83 -
145 1.12 0.85 -
146 1.13 0.87 0.85
147 1.14 0.87 -
149 1.16 0.89 -
152 1.18 0.91 -
156 1.21 0.93 -
157 1.22 0.95 -
166 1.29 0.96 0.97
169 1.31 0.97 -
181 1.40 0.98 -
197 1.53 0.99 1.02
212 1.64 1.00 -
227 1.76 1.00 0.74
243 1.88 1.05 0.70
258 2.00 1.05 0.49
time (min) V/V p c/c 0  (tracer) c/c 0  (4-NP)
0 0.00 0.00 -
1 0.01 0.00 -
40 0.30 0.00 -
73 0.54 0.00 -
107 0.79 0.01 -
109 0.81 0.02 0.00
110 0.81 0.02 -
111 0.82 0.03 -
112 0.83 0.04 -
113 0.84 0.05 -
114 0.84 0.06 0.00
116 0.86 0.09 -
117 0.87 0.10 -
118 0.87 0.13 -
119 0.88 0.14 0.00
120 0.89 0.17 0.00
121 0.90 0.19 -
122 0.90 0.21 -
123 0.91 0.24 -
124 0.92 0.26 0.00
125 0.93 0.29 -
126 0.93 0.31 -
127 0.94 0.34 -
128 0.95 0.35 -
130 0.96 0.39 0.00
131 0.97 0.42 -
132 0.98 0.45 -
133 0.99 0.46 -
134 0.99 0.48 0.44
135 1.00 0.49 -
136 1.01 0.52 -
137 1.01 0.53 -
138 1.02 0.54 -
139 1.03 0.56 -
140 1.04 0.57 0.60
141 1.04 0.59 -
142 1.05 0.60 -
143 1.06 0.62 -
144 1.07 0.63 -
145 1.07 0.65 -
146 1.08 0.67 -
147 1.09 0.68 -
148 1.10 0.70 -
149 1.10 0.71 -
150 1.11 0.72 -
152 1.13 0.74 -
154 1.14 0.77 -
155 1.15 0.79 0.77
156 1.16 0.81 -
157 1.16 0.82 -
158 1.17 0.82 -
159 1.18 0.83 -
166 1.23 0.84 -
167 1.24 0.88 -
168 1.24 0.88 -
169 1.25 0.89 -
170 1.26 0.90 -
173 1.28 0.90 -
174 1.29 0.91 -
179 1.33 0.93 -
181 1.34 0.94 0.90
183 1.36 0.94 -
196 1.45 0.95 0.92
212 1.57 0.96 0.90
227 1.68 0.97 1.05
230 1.70 0.97 -
242 1.79 0.98 -
260 1.93 0.98 0.97
A-20 
Table A.2.2.c   2-Chlorophenol Table A.2.2.d   Chlorophenol 
 
 
 
 
 
 
 
 
 
 
 
time (min) V/V p c/c 0  (tracer) c/c 0   (2-CP)
0 0.00 0.13 -
2 0.02 0.05 -
4 0.03 0.03 -
7 0.05 0.02 -
12 0.09 0.02 -
24 0.19 0.01 -
42 0.33 0.00 -
52 0.40 -0.01 -
60 0.47 -0.02 -
75 0.58 -0.01 -
89 0.69 0.00 -
97 0.75 0.00 -
111 0.86 0.03 0.00
112 0.87 0.04 -
113 0.88 0.05 -
114 0.88 0.07 -
115 0.89 0.10 -
116 0.90 0.11 0.00
117 0.91 0.15 -
118 0.91 0.17 -
119 0.92 0.20 -
120 0.93 0.23 -
121 0.94 0.26 0.23
122 0.95 0.30 -
123 0.95 0.32 -
124 0.96 0.36 -
125 0.97 0.39 -
126 0.98 0.42 0.36
127 0.98 0.45 -
128 0.99 0.48 -
129 1.00 0.51 -
130 1.01 0.55 -
131 1.02 0.57 0.54
132 1.02 0.60 -
133 1.03 0.62 -
134 1.04 0.64 -
135 1.05 0.67 -
136 1.05 0.69 0.69
137 1.06 0.72 -
138 1.07 0.74 -
139 1.08 0.76 -
140 1.09 0.77 -
141 1.09 0.80 0.70
143 1.11 0.82 -
144 1.12 0.83 -
145 1.12 0.85 -
146 1.13 0.87 0.84
147 1.14 0.87 -
149 1.16 0.89 -
152 1.18 0.91 -
156 1.21 0.93 -
157 1.22 0.95 -
166 1.29 0.96 0.91
169 1.31 0.97 -
181 1.40 0.98 -
197 1.53 0.99 -
212 1.64 1.00 0.96
227 1.76 1.00 -
243 1.88 1.05 0.88
258 2.00 1.05 0.93
time (min) V/V p c/c 0  (tracer) c/c 0  (3-CP)
0 0.00 0.13 -
2 0.02 0.05 -
4 0.03 0.03 -
7 0.05 0.02 -
12 0.09 0.02 -
24 0.19 0.01 -
42 0.33 0.00 -
52 0.40 -0.01 -
60 0.47 -0.02 -
75 0.58 -0.01 -
89 0.69 0.00 -
97 0.75 0.00 -
111 0.86 0.03 0.00
112 0.87 0.04 -
113 0.88 0.05 -
114 0.88 0.07 -
115 0.89 0.10 -
116 0.90 0.11 0.00
117 0.91 0.15 -
118 0.91 0.17 -
119 0.92 0.20 -
120 0.93 0.23 -
121 0.94 0.26 0.17
122 0.95 0.30 -
123 0.95 0.32 -
124 0.96 0.36 -
125 0.97 0.39 -
126 0.98 0.42 0.32
127 0.98 0.45 -
128 0.99 0.48 -
129 1.00 0.51 -
130 1.01 0.55 -
131 1.02 0.57 0.52
132 1.02 0.60 -
133 1.03 0.62 -
134 1.04 0.64 -
135 1.05 0.67 -
136 1.05 0.69 0.64
137 1.06 0.72 -
138 1.07 0.74 -
139 1.08 0.76 -
140 1.09 0.77 -
141 1.09 0.80 0.67
143 1.11 0.82 -
144 1.12 0.83 -
145 1.12 0.85 -
146 1.13 0.87 0.82
147 1.14 0.87 -
149 1.16 0.89 -
152 1.18 0.91 -
156 1.21 0.93 0.96
157 1.22 0.95 -
166 1.29 0.96 -
169 1.31 0.97 -
181 1.40 0.98 0.93
197 1.53 0.99 -
212 1.64 1.00 -
227 1.76 1.00 0.88
243 1.88 1.05 -
258 2.00 1.05 1.02
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Table A.2.2.e   2,4-Dimethylphenol Table A.2.2.f   2-Methyl-4,6-dinitrophenol 
 
 
 
 
 
 
time (min) V/V p c/c 0  (tracer) c/c 0  (2,4-DMP)
0 0.00 0.13 -
2 0.02 0.05 -
4 0.03 0.03 -
7 0.05 0.02 -
12 0.09 0.02 -
24 0.19 0.01 -
42 0.33 0.00 -
52 0.40 -0.01 -
60 0.47 -0.02 -
75 0.58 -0.01 -
89 0.69 0.00 -
97 0.75 0.00 -
111 0.86 0.03 0.00
112 0.87 0.04 -
113 0.88 0.05 -
114 0.88 0.07 -
115 0.89 0.10 -
116 0.90 0.11 0.00
117 0.91 0.15 -
118 0.91 0.17 -
119 0.92 0.20 -
120 0.93 0.23 -
121 0.94 0.26 0.31
122 0.95 0.30 -
123 0.95 0.32 -
124 0.96 0.36 -
125 0.97 0.39 -
126 0.98 0.42 0.58
127 0.98 0.45 -
128 0.99 0.48 -
129 1.00 0.51 -
130 1.01 0.55 -
131 1.02 0.57 0.45
132 1.02 0.60 -
133 1.03 0.62 -
134 1.04 0.64 -
135 1.05 0.67 -
136 1.05 0.69 0.60
137 1.06 0.72 -
138 1.07 0.74 -
139 1.08 0.76 -
140 1.09 0.77 -
141 1.09 0.80 -
143 1.11 0.82 -
144 1.12 0.83 -
145 1.12 0.85 -
146 1.13 0.87 0.76
147 1.14 0.87 -
149 1.16 0.89 -
152 1.18 0.91 -
156 1.21 0.93 -
157 1.22 0.95 -
166 1.29 0.96 -
169 1.31 0.97 -
181 1.40 0.98 0.98
197 1.53 0.99 0.93
212 1.64 1.00 0.85
227 1.76 1.00 -
243 1.88 1.05 0.81
258 2.00 1.05 0.87
time (min) V/V p c/c 0  (tracer) c/c 0  (2-M-4,6-DNP)
0 0.00 0.00 -
40 0.30 0.00 -
73 0.54 0.00 -
107 0.79 0.01 -
109 0.81 0.02 0.00
111 0.82 0.03 -
112 0.83 0.04 -
113 0.84 0.05 -
114 0.84 0.06 0.00
116 0.86 0.09 -
118 0.87 0.13 -
119 0.88 0.14 0.00
120 0.89 0.17 -
121 0.90 0.19 -
122 0.90 0.22 -
123 0.91 0.24 -
124 0.92 0.27 0.00
125 0.93 0.30 -
126 0.93 0.32 -
127 0.94 0.34 -
128 0.95 0.36 -
130 0.96 0.00 0.00
131 0.97 0.43 -
132 0.98 0.46 -
133 0.99 0.48 -
134 0.99 0.00 0.00
135 1.00 0.50 -
136 1.01 0.53 -
138 1.02 0.55 -
139 1.03 0.57 -
140 1.04 0.59 0.00
141 1.04 0.60 -
142 1.05 0.61 -
143 1.06 0.63 -
144 1.07 0.65 -
145 1.07 0.66 0.00
146 1.08 0.68 -
147 1.09 0.70 -
149 1.10 0.73 -
150 1.11 0.74 -
152 1.13 0.76 -
154 1.14 0.79 -
155 1.15 0.81 0.00
156 1.16 0.83 -
158 1.17 0.84 -
159 1.18 0.85 -
166 1.23 0.86 0.00
167 1.24 0.90 -
169 1.25 0.92 -
174 1.29 0.94 -
179 1.33 0.95 -
181 1.34 0.96 0.00
183 1.36 0.97 -
196 1.45 0.97 0.00
212 1.57 0.98 0.00
227 1.68 0.99 0.06
230 1.70 0.99 -
242 1.79 1.00 -
260 1.93 1.00 0.13
265 1.96 1.00 -
299 2.21 1.00 0.27
329 2.44 1.02 0.48
380 2.81 1.02 0.72
438 3.24 1.03 0.85
459 3.40 1.03 0.90
571 4.23 1.02 0.95
604 4.47 1.02 0.95
634 4.70 1.02 0.88
636 4.71 1.02 -
663 4.91 1.02 0.96
695 5.15 1.00 1.09
723 5.36 1.00 1.02
796 5.90 1.00 -
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Table A.2.2.g   2,4,6-Trichlorophenol  Table A.2.2.h   Pentachlorophenol 
 
 
 
time (min) V/V p c/c 0  (tracer) c/c 0  (2,4,6-TCP)
0 0.00 0.13 -
2 0.02 0.05 -
4 0.03 0.03 -
7 0.05 0.02 -
11 0.09 0.02 -
23 0.19 0.01 -
41 0.33 0.00 -
51 0.40 -0.01 -
59 0.47 -0.02 -
73 0.58 -0.01 -
87 0.69 0.00 -
94 0.75 0.00 -
108 0.86 0.03 -
111 0.88 0.07 -
117 0.93 0.23 -
120 0.95 0.32 -
122 0.97 0.39 0.00
125 0.99 0.48 -
128 1.02 0.57 -
131 1.04 0.64 -
134 1.06 0.72 -
137 1.09 0.77 -
140 1.12 0.83 -
143 1.14 0.87 -
148 1.18 0.91 -
152 1.21 0.93 0.00
154 1.22 0.95 -
165 1.31 0.97 -
166 1.32 - 0.33
176 1.40 0.98 -
181 1.44 - 0.42
193 1.53 0.99 -
198 1.57 - 0.54
206 1.64 1.00 -
212 1.68 - 0.81
222 1.76 1.00 -
225 1.79 - 0.71
237 1.88 1.01 -
240 1.91 - 0.72
254 2.02 1.01 -
270 2.14 - 0.80
281 2.23 1.00 -
285 2.26 - 0.94
300 2.38 - 1.04
316 2.51 - 0.74
319 2.53 1.02 -
330 2.62 - 1.14
365 2.90 - 0.98
390 3.10 - 0.93
420 3.34 - 1.03
436 3.47 1.02 -
480 3.81 - 1.19
515 4.09 1.01 -
516 4.10 1.00 -
540 4.29 - 1.10
600 4.76 - 1.04
660 5.24 - 0.98
720 5.72 - 0.83
780 6.19 - 0.76
840 6.67 - 0.91
900 7.15 - 0.99
930 7.38 - 0.99
time (min) V/V p c/c 0  (tracer) c/c o  (PCP)
0 0.00 0.13 -
2 0.02 0.05 -
4 0.03 0.03 -
7 0.05 0.02 -
11 0.09 0.02 -
23 0.19 0.01 -
41 0.33 0.00 -
51 0.40 -0.01 -
59 0.47 -0.02 -
73 0.58 -0.01 -
87 0.69 0.00 -
94 0.75 0.00 -
108 0.86 0.03 -
112 0.89 0.10 -
116 0.92 0.20 -
120 0.95 0.32 -
124 0.98 0.45 -
128 1.02 0.57 -
132 1.05 0.67 -
135 1.07 0.74 -
139 1.11 0.82 -
143 1.14 0.87 -
146 1.16 0.89 -
148 1.18 0.91 -
154 1.22 0.95 -
165 1.31 0.97 -
176 1.40 0.98 -
193 1.53 0.99 -
206 1.64 1.00 -
222 1.76 1.00 -
237 1.88 1.01 -
252 2.00 1.03 -
254 2.02 1.01 -
281 2.23 1.00 -
319 2.53 1.02 -
420 3.34 - 0.00
436 3.47 1.02 -
515 4.09 1.01 -
516 4.10 1.00 -
540 4.29 - 0.07
600 4.76 - 0.28
660 5.24 - 0.36
720 5.72 - 0.47
780 6.19 - 0.57
840 6.67 - 0.56
900 7.15 - 0.66
930 7.38 - 0.60
960 7.62 - 0.72
990 7.86 - 0.68
1050 8.34 - 0.70
1080 8.58 - 0.80
1110 8.81 - 0.81
1140 9.05 - 0.80
1170 9.29 - 0.88
1200 9.53 - 0.88
1231 9.78 - 0.84
1260 10.01 - 0.79
1319 10.47 - 0.93
1380 10.96 - 0.83
1487 11.81 - 0.86
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A.2.3.  Breaktrough data relating to the study of "competition in 
sorption", sorption from single solute solutions (section 
(4.1.)) 
 
 
Following values were used for input parameters in all DF-LEM calculations: 
 
L (column length) = 0.5 m 
A (column cross sectional area) = 0.0044 m2 
ρg (grain density) =2.65 g cm
-3 
c0 (initial concentration of each phenol) =0.1 mg/L  
 
The values of other input parameters (ε (porosity) and Vw (pore water velocity)) for 
each DF-LEM calculation have been illustrated in related page.   
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DF-LEM  Data  
2-Methyl-4,6-dinitrophenol 
 
pH=4.8 
    ε =0.37 
          Vw=0.24 m/h 
 
  Rd =1.57 
          Kd =0.12 L/kg 
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
time (min) c/c 0
0 0.00
6 0.00
12 0.00
18 0.00
24 0.00
30 0.00
36 0.00
42 0.00
48 0.00
54 0.00
60 0.00
66 0.00
72 0.00
78 0.00
84 0.00
90 0.00
96 0.01
102 0.01
108 0.02
114 0.03
120 0.05
126 0.07
132 0.10
138 0.13
144 0.17
150 0.21
156 0.25
162 0.29
168 0.34
174 0.39
180 0.43
186 0.48
192 0.53
198 0.57
204 0.61
210 0.65
216 0.69
222 0.72
228 0.75
234 0.78
240 0.81
246 0.83
252 0.85
258 0.87
264 0.89
270 0.90
276 0.91
282 0.93
288 0.94
294 0.94
300 0.95
306 0.96
312 0.97
318 0.97
324 0.97
330 0.98
336 0.98
342 0.98
348 0.99
time (min) c/c 0
360 0.99
366 0.99
372 0.99
378 0.99
384 1.00
390 1.00
396 1.00
402 1.00
408 1.00
414 1.00
420 1.00
426 1.00
432 1.00
438 1.00
444 1.00
450 1.00
456 1.00
462 1.00
468 1.00
474 1.00
480 1.00
486 1.00
492 1.00
498 1.00
504 1.00
510 1.00
522 1.00
528 1.00
534 1.00
540 1.00
546 1.00
552 1.00
558 1.00
564 1.00
570 1.00
576 1.00
582 1.00
588 1.00
594 1.00
600 1.00
Experimental Data
time (min) V/V p c/c 0
0 0.00 0.00
122 0.97 0.07
137 1.09 0.08
152 1.21 0.15
167 1.33 0.30
182 1.44 0.45
197 1.56 0.49
212 1.68 0.54
227 1.80 0.71
242 1.92 0.72
258 2.05 0.80
272 2.16 0.85
287 2.28 0.91
303 2.40 0.86
317 2.52 0.99
332 2.63 0.98
347 2.75 1.01
362 2.87 1.00
422 3.35 1.01
482 3.83 1.06
545 4.33 1.03
2-M-4,6-DNP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600
time (min)
c
/c
0
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    Experimental Data  DF-LEM  Data  
 
 
 
 
 
 
 
2,4,6-Trichlorophenol 
 
pH=4.8 
    ε =0.37 
         Vw=0.24 m/h 
 
Rd =1.5 
          Kd =0.11 L/kg 
time (min) V/V p c/c 0
120 0.95 0.00
136 1.08 0.15
154 1.22 0.29
169 1.34 0.43
183 1.45 0.55
199 1.58 0.67
213 1.69 0.77
228 1.81 0.78
245 1.95 0.84
258 2.05 0.94
272 2.16 1.06
286 2.27 0.99
300 2.38 1.00
316 2.51 1.03
333 2.64 1.01
347 2.76 1.09
394 3.13 0.94
456 3.62 1.03
512 4.07 1.10
569 4.52 1.05
time (min) c/c 0
84 0.00
90 0.01
96 0.01
102 0.02
108 0.03
114 0.05
120 0.07
126 0.10
132 0.13
138 0.17
144 0.21
150 0.26
156 0.30
162 0.35
168 0.40
174 0.45
180 0.50
186 0.54
192 0.59
198 0.63
204 0.67
210 0.71
216 0.74
222 0.77
228 0.80
234 0.82
240 0.85
246 0.87
252 0.89
258 0.90
264 0.91
270 0.93
276 0.94
282 0.95
288 0.95
294 0.96
300 0.97
306 0.97
312 0.98
318 0.98
324 0.98
330 0.99
336 0.99
342 0.99
348 0.99
354 0.99
360 0.99
366 1.00
2,4,6-TCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600
time (min)
c
/c
0
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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A.2.4. Experimental data tables and breaktrough data relating to 
the study of "pH effect"  (section (4.2.1.)) 
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A.2.4.1. Experimental data tables 
 
 
 
                                                                                                                                                                                                                                                
 
 
 
Table A.2.3. Retardation factors, Rd (-) and apparent sorption coefficients, Kd (L/kg), obtained from column experiments at different pH values
 and 
related degree of protonation, α 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 2-M-4,6-DNP was investigated in a separate experiment with ε = 0.39 and ρb = 1.62 g/cm
3.    
n.d. – not determined 
 
 
 
 
 
 
 
 
 
 
pH = 6.9 
ε = 0.37 
ρb = 1.67 g/cm
3 
 
 
 
pH = 6.0 
ε = 0.38 
ρb = 1.64 g/cm
3 
 
 
pH = 5.4 
ε = 0.37 
ρb = 1.67 g/cm
3
 
 
 
pH = 4.8 
ε = 0.37 1 
ρb = 1.67 
1g/cm3 
 
 
pH = 4.4 
ε = 0.38 
ρb = 1.64 g/cm
3
 
Sorbate α Rd Kd  α Rd Kd  α Rd Kd  α Rd Kd  α Rd Kd 
2-M-4,6-DNP 0.003 1.04 0.01  0.020 1.10 0.02  0.075 n.d. n.d.  0.244 1.55 0.13  0.448 2.50 0.36 
2,4,6-TCP 0.110 1.12 0.03  0.494 1.40 0.09  0.796 1.50 0.11  0.939 1.55 0.12  0.975 n.d. n.d. 
PCP 0.004 1.35 0.08  0.031 2.20 0.28  0.112 3.78 0.62  0.334 6.60 1.24  0.557 n.d. n.d. 
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Table A.2.4. Experimental organic carbon normalized sorption coefficients, Log Koc, of 
investigated phenols in comparison with solubility, Log S, and n-octanol-water partition 
coefficient, Log Kow. 
 
 
 
 
 
 
 
 
Sorbate 
 
Log S 
 
Log Kow 
 
Log Koc 
2-M-4,6-DNP 2.10 2.12 3.31 
2,4,6-TCP 2.64 3.69 2.54 
PCP 1.30 5.01 3.83 
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A.2.4.2. Breaktrough data 
 
 
Following values were used for input parameters in all DF-LEM calculations: 
 
L (column length) = 0.5 m 
A (column cross sectional area) = 0.0044 m2 
ρg (grain density) =2.65 g cm
-3 
c0 (initial concentration of each phenol) =0.1 mg/L  
 
The values of other input parameters (ε (porosity) and Vw (pore water velocity)) for 
each DF-LEM calculation have been illustrated in related page.   
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 Experimental Data DF-LEM  Data 
 
 
2-Methyl-4,6-Dinitrophenol 
 
pH=4.4 
    ε =0.38 
         Vw=0.23 m/h 
 
  Rd =2.50 
         Kd =0.36 L/kg 
time (min) V/V p c/c0
212 1.57 0.00
227 1.68 0.06
260 1.93 0.13
299 2.21 0.27
329 2.44 0.48
380 2.81 0.72
438 3.24 0.85
459 3.40 0.90
571 4.23 0.95
604 4.47 0.95
634 4.70 0.88
663 4.91 0.96
695 5.15 1.09
723 5.36 1.02
811 6.01 1.03
time (min) c/c0
108 0.00
120 0.00
132 0.00
144 0.00
156 0.00
168 0.00
180 0.00
192 0.01
204 0.01
216 0.02
228 0.04
240 0.07
252 0.10
264 0.15
276 0.20
288 0.26
300 0.32
312 0.39
324 0.45
336 0.52
348 0.58
360 0.64
372 0.70
384 0.74
396 0.79
408 0.83
420 0.86
432 0.88
444 0.91
456 0.93
468 0.94
480 0.95
492 0.96
504 0.97
516 0.98
528 0.98
540 0.99
552 0.99
564 0.99
576 0.99
588 1.00
600 1.00
612 1.00
624 1.00
636 1.00
648 1.00
660 1.00
672 1.00
684 1.00
696 1.00
708 1.00
720 1.00
732 1.00
744 1.00
756 1.00
768 1.00
780 1.00
792 1.00
804 1.00
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
2-M-4,6-DNP
0
0.2
0.4
0.6
0.8
1
1.2
0 200 400 600 800 1000
time (min)
c
/c
0
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             Experimental Data    DF-LEM  Data 
 
 
 
 
 
 
 
 
 
 
2-Methyl-4,6-Dinitrophenol 
 
pH=4.8 
   ε =0.39 
         Vw=0.22 m/h 
 
  Rd =1.55 
         Kd =0.13 L/kg 
time (min) V/V p c/c 0
120 0.95 0.00
135 1.07 0.10
150 1.19 0.18
165 1.31 0.27
180 1.43 0.37
195 1.55 0.49
210 1.67 0.57
225 1.79 0.62
240 1.91 0.71
255 2.02 0.82
270 2.14 0.78
285 2.26 0.84
300 2.38 0.86
315 2.50 0.88
330 2.62 0.88
345 2.74 0.85
360 2.86 0.89
420 3.34 0.95
480 3.81 0.95
540 4.29 0.97
time (min) c/c 0
0 0.00
12 0.00
24 0.00
36 0.00
48 0.00
60 0.00
108 0.02
120 0.05
132 0.09
144 0.14
156 0.21
168 0.28
180 0.36
192 0.44
204 0.52
216 0.59
228 0.66
240 0.71
252 0.76
264 0.81
276 0.84
288 0.88
300 0.90
312 0.92
324 0.94
336 0.95
348 0.96
360 0.97
372 0.98
384 0.98
396 0.99
408 0.99
420 0.99
432 0.99
444 1.00
456 1.00
468 1.00
480 1.00
492 1.00
504 1.00
516 1.00
528 1.00
540 1.00
552 1.00
564 1.00
576 1.00
588 1.00
600 1.00
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
2-M-4,6-DNP
0
0.2
0.4
0.6
0.8
1
1.2
0 200 400 600
time (min)
c
/c
0
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 Experimental Data             DF-LEM  Data  
 
 
 
2-Methyl-4,6-dinitrophenol 
 
pH=6.0 
 
    ε =0.38 
         Vw=0.23 m/h 
 
Rd =1.1 
          Kd =0.02 L/kg 
 
 
2-M-4,6-DNP
0
0.2
0.4
0.6
0.8
1
1.2
0 200 400 600 800
time (min)
c
/c
0
time (min) V/V p c/c 0
117 0.89 0.07
122 0.92 0.10
127 0.96 0.18
132 1.00 0.27
137 1.04 0.37
142 1.08 0.48
147 1.11 0.54
152 1.15 0.61
162 1.23 0.75
172 1.30 0.79
191 1.45 0.87
206 1.56 1.00
221 1.67 0.92
236 1.79 1.01
251 1.90 1.00
266 2.02 1.02
296 2.24 1.00
328 2.48 0.96
386 2.92 1.07
445 3.37 1.05
507 3.84 1.05
555 4.20 0.99
615 4.66 0.99
680 5.15 0.97
717 5.43 1.04
785 5.95 0.98
time (min) c/c 0
72 0.00
75 0.00
78 0.00
81 0.00
84 0.00
87 0.00
90 0.00
93 0.00
96 0.00
99 0.00
102 0.01
105 0.01
108 0.02
111 0.03
114 0.05
117 0.07
120 0.10
123 0.14
126 0.18
129 0.23
132 0.28
135 0.33
138 0.39
141 0.45
144 0.51
147 0.57
150 0.62
153 0.68
156 0.72
159 0.77
162 0.81
165 0.84
168 0.87
171 0.89
174 0.91
177 0.93
180 0.95
183 0.96
186 0.97
189 0.98
192 0.98
195 0.99
198 0.99
201 0.99
204 0.99
207 1.00
210 1.00
213 1.00
216 1.00
219 1.00
222 1.00
225 1.00
228 1.00
231 1.00
234 1.00
237 1.00
240 1.00
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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         Experimental Data       DF-LEM  Data  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2-Methyl-4,6-dinitrophenol 
 
pH=6.9 
    ε =0.37 
         Vw=0.24 m/h 
 
  Rd =1.04 
         Kd =0.01 L/kg 
time (min) V/V p c/c 0
101 0.80 0.00
116 0.91 0.10
122 0.96 0.22
128 1.01 0.44
136 1.07 0.67
142 1.12 0.75
153 1.21 0.86
181 1.43 0.91
196 1.54 0.98
211 1.66 0.98
226 1.78 0.97
258 2.03 1.01
304 2.39 1.00
356 2.80 0.93
419 3.30 0.94
550 4.33 0.99
time (min) c/c 0
0 0.00
7 0.00
14 0.00
22 0.00
29 0.00
36 0.00
43 0.00
50 0.00
58 0.00
65 0.00
72 0.00
79 0.00
86 0.00
94 0.01
101 0.02
108 0.07
115 0.17
122 0.32
130 0.49
137 0.66
144 0.79
151 0.88
158 0.94
166 0.97
173 0.99
180 1.00
187 1.00
194 1.00
202 1.00
209 1.00
216 1.00
223 1.00
230 1.00
238 1.00
245 1.00
252 1.00
259 1.00
266 1.00
274 1.00
281 1.00
288 1.00
295 1.00
302 1.00
310 1.00
317 1.00
324 1.00
331 1.00
338 1.00
346 1.00
353 1.00
360 1.00
367 1.00
374 1.00
382 1.00
389 1.00
396 1.00
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
2-M-4,6-DNP
0
0.2
0.4
0.6
0.8
1
1.2
0 200 400 600
time (min)
c
/c
0
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                                                                   Experimental Data          DF-LEM  Data 
 
2,4,6-Trichlorophenol 
 
pH=4.8 
     ε =0.37 
          Vw=0.24 m/h 
 
   Rd =1.55 
 Kd =0.12 L/kg 
2,4,6-TCP
0
0.2
0.4
0.6
0.8
1
1.2
0 200 400 600 800
time (min)
c
/c
0
time (min) V/V p c/c 0
152 1.21 0.00
166 1.32 0.33
181 1.44 0.42
198 1.57 0.53
212 1.68 0.81
225 1.79 0.71
240 1.91 0.72
270 2.14 0.80
285 2.26 0.94
300 2.38 1.04
316 2.51 0.73
365 2.90 0.97
390 3.10 0.93
420 3.34 1.03
540 4.29 1.09
600 4.76 1.04
660 5.24 0.98
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
time (min) c/c 0
0 0.00
9 0.00
18 0.00
27 0.00
36 0.00
45 0.00
54 0.00
63 0.00
72 0.00
81 0.00
90 0.00
99 0.00
108 0.01
117 0.02
126 0.04
135 0.07
144 0.15
153 0.20
162 0.27
171 0.34
180 0.42
189 0.49
198 0.57
207 0.64
216 0.71
225 0.76
234 0.81
243 0.86
252 0.89
261 0.92
270 0.95
279 0.93
288 0.95
297 0.96
306 0.97
315 0.98
324 0.98
333 0.99
342 0.99
351 0.99
360 1.00
369 1.00
378 1.00
387 1.00
396 1.00
405 1.00
414 1.00
423 1.00
432 1.00
441 1.00
450 1.00
459 1.00
468 1.00
477 1.00
486 1.00
495 1.00
504 1.00
513 1.00
522 1.00
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                                                       Experimental Data     DF-LEM  Data 
 
 
2,4,6-TCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600 800
time (min)
c
/c
0
 
2,4,6-Trichlorophenol 
 
pH=5.4 
    ε =0.37 
         Vw=0.24 m/h 
 
Rd =1.5 
          Kd =0.11 L/kg 
 
  
time (min) V/V p c/c 0
146 1.16 0.00
176 1.40 0.41
191 1.52 0.53
206 1.64 0.83
237 1.88 0.91
266 2.11 0.77
298 2.37 0.99
326 2.59 1.07
357 2.83 1.03
483 3.84 0.96
538 4.27 1.10
580 4.61 1.03
625 4.96 1.04
time (min) c/c 0
0 0.00
12 0.00
24 0.00
36 0.00
48 0.00
60 0.00
72 0.00
84 0.00
96 0.00
108 0.00
120 0.01
132 0.04
144 0.09
156 0.18
168 0.29
180 0.42
192 0.55
204 0.66
216 0.76
228 0.84
240 0.89
252 0.93
264 0.96
276 0.97
288 0.99
300 0.99
312 1.00
324 1.00
336 1.00
348 1.00
360 1.00
372 1.00
384 1.00
396 1.00
408 1.00
420 1.00
432 1.00
444 1.00
456 1.00
468 1.00
480 1.00
492 1.00
504 1.00
516 1.00
528 1.00
540 1.00
552 1.00
564 1.00
576 1.00
588 1.00
600 1.00
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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  Experimental Data  DF-LEM  Data 
 
 
 
2,4,6-Trichlorophenol 
 
pH=6.0 
    ε =0.38 
         Vw=0.23 m/h 
 
Rd =1.4 
          Kd =0.09 L/kg 
 
 
2,4,6-TCP
0
0.2
0.4
0.6
0.8
1
1.2
0 200 400 600
time (min)
c
/c
0
time (min) V/V p c/c 0
152 1.15 0.00
162 1.23 0.25
172 1.30 0.40
191 1.45 0.58
206 1.56 0.76
221 1.67 0.85
236 1.79 0.92
251 1.90 0.94
266 2.02 0.98
296 2.24 0.93
328 2.48 0.96
386 2.92 0.93
445 3.37 1.01
507 3.84 1.02
555 4.20 0.94
615 4.66 0.99
680 5.15 1.01
717 5.43 0.99
785 5.95 0.98
time (min) c/c 0
96 0.00
101 0.00
106 0.00
110 0.00
115 0.00
120 0.01
125 0.01
130 0.02
134 0.03
139 0.05
144 0.08
149 0.11
154 0.15
158 0.20
163 0.25
168 0.31
173 0.37
178 0.43
182 0.50
187 0.56
192 0.62
197 0.67
202 0.72
206 0.77
211 0.81
216 0.84
221 0.87
226 0.90
230 0.92
235 0.94
240 0.95
245 0.96
250 0.97
254 0.98
259 0.98
264 0.99
269 0.99
274 0.99
278 0.99
283 1.00
288 1.00
293 1.00
298 1.00
302 1.00
307 1.00
312 1.00
317 1.00
322 1.00
326 1.00
331 1.00
336 1.00
341 1.00
346 1.00
350 1.00
355 1.00
360 1.00
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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         Experimental Data      DF-LEM  Data 
 
 
 
2,4,6-Trichlorophenol 
 
pH=6.9 
    ε =0.37 
         Vw=0.24 m/h 
 
  Rd =1.12 
         Kd =0.03 L/kg 
 
time (min) V/V p c/c 0
117 0.94 0.00
122 0.98 0.17
127 1.02 0.24
132 1.06 0.30
137 1.10 0.49
144 1.15 0.57
153 1.22 0.86
172 1.38 0.85
180 1.44 0.88
210 1.68 1.05
240 1.92 1.03
264 2.11 1.02
time (min) c/c 0
0 0.00
7 0.00
14 0.00
22 0.00
29 0.00
36 0.00
43 0.00
50 0.00
58 0.00
65 0.00
72 0.00
79 0.00
86 0.00
94 0.00
101 0.02
108 0.05
115 0.10
122 0.19
130 0.31
137 0.44
144 0.57
151 0.69
158 0.79
166 0.86
173 0.91
180 0.95
187 0.97
194 0.98
202 0.99
209 1.00
216 1.00
223 1.00
230 1.00
238 1.00
245 1.00
252 1.00
259 1.00
266 1.00
274 1.00
281 1.00
288 1.00
295 1.00
302 1.00
310 1.00
317 1.00
324 1.00
331 1.00
338 1.00
346 1.00
353 1.00
360 1.00
367 1.00
374 1.00
382 1.00
389 1.00
396 1.00
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
2,4,6-TCP
0
0.2
0.4
0.6
0.8
1
1.2
0 100 200 300 400
time (min)
c
/c
0
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DF-LEM  Data      
Pentachlorophenol 
 
pH=4.8 
    ε =0.37 
         Vw=0.24 m/h 
 
Rd =6.60 
           Kd =1.24 L/kg 
time (min) c/c 0
1314 0.90
1332 0.91
1350 0.91
1368 0.92
1386 0.92
1404 0.93
1422 0.93
1440 0.93
1458 0.94
1476 0.94
1494 0.94
1512 0.95
1530 0.95
1548 0.95
1566 0.96
1584 0.96
1602 0.96
1620 0.96
1638 0.97
1656 0.97
1674 0.97
1692 0.97
1710 0.97
1728 0.97
1746 0.98
1764 0.98
1782 0.98
1800 0.98
1818 0.98
1836 0.98
1854 0.98
1872 0.98
1890 0.99
1908 0.99
1926 0.99
1944 0.99
1962 0.99
1980 0.99
1998 0.99
PCP
0
0.2
0.4
0.6
0.8
1
1.2
0 500 1000 1500 2000
time (min)
c
/c
0
Experimental Data
time (min) V/V p c/c 0
420 3.34 0.00
540 4.29 0.07
600 4.76 0.28
660 5.24 0.36
720 5.72 0.47
780 6.19 0.57
840 6.67 0.56
900 7.15 0.66
930 7.38 0.60
960 7.62 0.72
990 7.86 0.68
1050 8.34 0.70
1080 8.58 0.80
1110 8.81 0.81
1140 9.05 0.80
1170 9.29 0.88
1200 9.53 0.88
1231 9.78 0.84
1260 10.01 0.79
1319 10.47 0.93
1380 10.96 0.83
1487 11.81 0.86
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
time (min) c/c 0
0 0.00
0 0.00
0 0.00
0 0.00
0 0.00
0 0.00
43 0.00
50 0.00
58 0.00
65 0.00
72 0.00
79 0.01
86 0.02
94 0.03
101 0.04
108 0.06
115 0.08
122 0.11
130 0.14
137 0.17
144 0.21
151 0.25
158 0.29
166 0.33
173 0.37
180 0.41
187 0.45
194 0.49
202 0.52
209 0.56
216 0.59
223 0.63
230 0.66
238 0.68
245 0.71
252 0.74
259 0.76
266 0.78
274 0.80
281 0.82
288 0.83
295 0.85
302 0.86
310 0.88
317 0.89
324 0.90
331 0.91
338 0.92
346 0.93
353 0.93
360 0.94
367 0.95
374 0.95
382 0.96
389 0.96
396 0.96
403 0.97
410 0.97
418 0.97
425 0.98
A-44 
        DF-LEM  Data      
Pentachlorophenol 
 
pH=5.4 
    ε =0.37 
         Vw=0.24 m/h 
 
  Rd =3.78 
          Kd =0.62 L/kg 
 
time (min) c/c 0
0 0.00
12 0.00
24 0.00
36 0.00
48 0.00
60 0.00
72 0.00
84 0.00
96 0.00
108 0.00
120 0.00
132 0.00
144 0.00
156 0.00
168 0.00
180 0.00
192 0.00
204 0.00
216 0.00
228 0.01
240 0.01
252 0.02
264 0.03
276 0.04
288 0.05
300 0.07
312 0.09
324 0.12
336 0.15
348 0.18
360 0.21
372 0.25
384 0.28
396 0.32
408 0.36
420 0.40
432 0.44
444 0.48
456 0.52
468 0.55
480 0.59
492 0.62
504 0.66
516 0.69
528 0.71
540 0.74
552 0.77
564 0.79
576 0.81
588 0.83
600 0.85
612 0.86
624 0.88
636 0.89
648 0.90
660 0.91
672 0.92
684 0.93
696 0.94
PCP
0
0.2
0.4
0.6
0.8
1
1.2
0 200 400 600 800 1000 1200 1400
time (min)
c
/c
0
time (min) c/c 0
708 0.95
720 0.95
732 0.96
744 0.96
756 0.97
768 0.97
780 0.98
792 0.98
804 0.98
816 0.98
828 0.99
840 0.99
852 0.99
864 0.99
876 0.99
888 0.99
900 0.99
912 1.00
924 1.00
936 1.00
948 1.00
960 1.00
972 1.00
984 1.00
996 1.00
Experimental Data
time (min) V/V p c/c 0
298 2.37 0.00
326 2.59 0.10
357 2.83 0.19
389 3.09 0.26
418 3.32 0.36
483 3.84 0.56
538 4.27 0.69
567 4.50 0.78
625 4.96 0.89
682 5.42 0.89
696 5.53 0.98
724 5.75 0.87
738 5.86 0.95
794 6.31 0.86
823 6.54 0.97
939 7.46 0.81
1057 8.39 0.84
1195 9.49 0.87
1261 10.01 0.83
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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 Experimental Data              DF-LEM  Data  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pentachlorophenol 
 
pH=6.0 
    ε =0.38 
         Vw=0.23 m/h 
 
Rd =2.20 
          Kd =0.28 L/kg 
PCP
0
0.2
0.4
0.6
0.8
1
1.2
0 200 400 600 800
time (min)
c
/c
0
time (min) c/c 0
144 0.00
151 0.00
158 0.00
166 0.00
173 0.00
180 0.01
187 0.01
194 0.02
202 0.03
209 0.05
216 0.07
223 0.09
230 0.12
238 0.16
245 0.20
252 0.25
259 0.30
266 0.35
274 0.40
281 0.45
288 0.51
295 0.56
302 0.61
310 0.66
317 0.70
324 0.74
331 0.78
338 0.81
346 0.84
353 0.86
360 0.88
367 0.90
374 0.92
382 0.93
389 0.95
396 0.96
403 0.96
410 0.97
418 0.98
425 0.98
432 0.99
439 0.99
446 0.99
454 0.99
461 0.99
468 1.00
475 1.00
482 1.00
490 1.00
497 1.00
504 1.00
511 1.00
518 1.00
526 1.00
533 1.00
540 1.00
time (min) V/V p c/c 0
162 1.23 0.00
206 1.56 0.11
221 1.67 0.10
236 1.79 0.18
251 1.90 0.25
266 2.02 0.38
296 2.24 0.57
328 2.48 0.76
386 2.92 1.05
445 3.37 1.05
507 3.84 1.01
555 4.20 1.08
615 4.66 1.08
785 5.95 1.03
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
A-46 
          Experimental Data      DF-LEM  Data 
 
 
Pentachlorophenol 
 
pH=6.9  
   ε =0.37 
         Vw=0.24 m/h 
 
  Rd =1.35 
          Kd =0.08 L/kg 
PCP
0
0.2
0.4
0.6
0.8
1
1.2
0 50 100 150 200 250 300 350 400
time (min)
c/
c 0
time (min) c/c 0
0 0.00
7 0.00
14 0.00
22 0.00
29 0.00
36 0.00
43 0.00
50 0.00
58 0.00
65 0.00
72 0.00
79 0.00
86 0.00
94 0.00
101 0.01
108 0.01
115 0.03
122 0.05
130 0.09
137 0.15
144 0.21
151 0.29
158 0.38
166 0.46
173 0.55
180 0.63
187 0.70
194 0.76
202 0.81
209 0.86
216 0.89
223 0.92
230 0.94
238 0.96
245 0.97
252 0.98
259 0.99
266 0.99
274 0.99
281 1.00
288 1.00
295 1.00
302 1.00
310 1.00
317 1.00
324 1.00
331 1.00
338 1.00
346 1.00
353 1.00
360 1.00
367 1.00
374 1.00
382 1.00
389 1.00
396 1.00
time (min) V/V p c/c 0
144 1.15 0.00
153 1.22 0.34
172 1.38 0.55
180 1.44 0.65
195 1.56 0.83
210 1.68 0.75
240 1.92 0.97
264 2.11 1.09
285 2.28 1.02
315 2.52 0.96
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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A.2.5. Experimental data tables and breaktrough data relating to 
the study of "NOM effect", Sorption at different pHs (section 
(4.3.1.)) 
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A.2.5.1. Experimental data tables 
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Table A. 2. 5. Retardation factors, Rd (-) and apparent sorption coefficients, Kd
* (L/kg), 
obtained from column experiments at different pH values, α.= degree of protonation, 
β(DOC) (mg/L)= Dissolved organic carbon concentration 
 
 
 
Table A.2.6. Experimentaly determined sorption coefficients, Kd
*, of 2-M-4,6-DNP for 
sorption from natural river water at different pHs (first set of experiments) comparing with 
predicted sorption coefficients, Kd 
 
pH 
 
α 
(-) 
 
β(DOC) 
(mg/L) 
 
α β(DOC) 
(mg/L) 
 
Kd
* 
(L/kg) 
 
Kd
*
/Kd 
(-) 
 
Kd-Kd
*
/Kd
* 
(-) 
7.4 0.00 5.9 0.00 0.00 1.00 0.00 
5.9 0.03 5.9 0.15 0.02 1.05 -0.05 
5.6 0.05 6.0 0.30 0.03 0.81 0.23 
5.4 0.08 6.8 0.51 0.06 1.02 -0.02 
5.2 0.11 6.3 0.72 0.07 0.77 0.30 
5.1 0.14 7.1 0.99 0.09 0.88 0.14 
4.8 0.24 6.7 1.64 0.10 0.54 0.85 
4.6 0.34 7.1 2.41 0.14 0.55 0.81 
 
 
  2-M-4,6-DNP  2,4,6-TCP  PCP 
pH 
 
β(DOC) 
(mg/L) 
α 
(-) 
Rd 
(-) 
Kd
* 
(L/kg)  
α 
(-) 
Rd 
(-) 
Kd
* 
(L/kg)  
α 
(-) 
Rd 
(-) 
Kd
* 
(L/kg) 
4.6 7.1 0.339 1.61 0.14  0.961 1.50 0.12  - - - 
4.8 6.7 0.224 1.45 0.10  - - -  0.471 6.0 1.16 
5.1 7.1 0.140 1.40 0.09  0.886 1.55 0.13  0.309 4.6 0.83 
5.2 6.3 0.114 1.30 0.07  0.860 1.55 0.12  0.262 4.7 0.82 
5.4 6.8 0.075 1.25 0.06  0.796 1.35 0.08  0.183 2.8 0.42 
5.6 6.0 0.049 1.15 0.03  - - --  0.124 3.4 0.56 
5.9 5.9 0.025 1.10 0.02  0.552 1.30 0.07  0.066 2.1 0.25 
7.4 5.9 0.001 1.00 0.00  0.037 1.10 0.03  0.002 1.3 0.09 
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A.2.5.2. Breakthrough data 
 
 
Following values were used for input parameters in all DF-LEM calculations: 
 
L (column length) = 0.5 m 
A (column cross sectional area) = 0.0044 m2 
ρg (grain density) =2.65 g cm
-3 
c0 (initial concentration of each phenol) =0.1 mg/L  
 
The values of other input parameters (ε (porosity) and Vw (pore water velocity)) for 
each DF-LEM calculation have been illustrated in related page.   
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DF-LEM  Data 
 
 
 
 
 
 
 
 
 
 
2-Methyl-4,6-dinitrophenol 
 
pH=4.6 
   ε =0.38 
         Vw=0.23 m/h 
 
  Rd =1.61 
          Kd =0.14 L/kg 
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
Experimental Data 
time (min) V/V p c/c 0
115 0.87 0.07
135 1.02 0.13
150 1.14 0.24
165 1.25 0.37
180 1.36 0.42
195 1.48 0.50
210 1.59 0.57
225 1.70 0.63
240 1.82 0.63
255 1.93 0.75
270 2.05 0.76
285 2.16 0.82
300 2.27 0.80
365 2.77 0.86
420 3.18 0.93
482 3.65 0.98
510 3.86 1.00
540 4.09 0.97
600 4.55 0.94
640 4.85 0.98
667 5.05 0.98
692 5.24 0.96
720 5.45 0.99
768 5.82 0.95
806 6.11 0.93
time (min) c/c 0
432 0.98
439 0.98
446 0.98
454 0.99
461 0.99
468 0.99
475 0.99
482 0.99
490 0.99
497 0.99
504 0.99
511 0.99
518 0.99
526 1.00
533 1.00
540 1.00
547 1.00
554 1.00
562 1.00
569 1.00
576 1.00
583 1.00
590 1.00
598 1.00
time (min) c/c 0
0 0.00
0 0.00
0 0.00
0 0.00
0 0.00
0 0.00
43 0.00
50 0.00
58 0.00
65 0.00
72 0.00
79 0.01
86 0.02
94 0.03
101 0.04
108 0.06
115 0.08
122 0.11
130 0.14
137 0.17
144 0.21
151 0.25
158 0.29
166 0.33
173 0.37
180 0.41
187 0.45
194 0.49
202 0.52
209 0.56
216 0.59
223 0.63
230 0.66
238 0.68
245 0.71
252 0.74
259 0.76
266 0.78
274 0.80
281 0.82
288 0.83
295 0.85
302 0.86
310 0.88
317 0.89
324 0.90
331 0.91
338 0.92
346 0.93
353 0.93
360 0.94
367 0.95
374 0.95
382 0.96
389 0.96
396 0.96
403 0.97
410 0.97
418 0.97
425 0.98
2-M-4,6-DNP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600 800
time (min)
c
/c
0
A-56 
DF-LEM  Data 
 
 
 
2-Methyl-4,6-dinitrophenol 
 
pH=4.8 
   ε =0.38 
         Vw=0.23 m/h 
 
  Rd =1.45 
        Kd =0.1 L/kg 
Experimental Data 
time (min) V/V p c/c 0
120 0.92 0.17
135 1.04 0.35
165 1.27 0.40
180 1.38 0.55
195 1.50 0.63
210 1.62 0.65
225 1.73 0.71
240 1.85 0.74
255 1.96 0.80
270 2.08 0.81
290 2.23 0.90
305 2.35 0.89
335 2.58 0.97
367 2.82 0.91
395 3.04 0.91
425 3.27 0.96
455 3.50 0.97
485 3.73 0.92
515 3.96 0.94
545 4.19 1.00
575 4.42 1.00
605 4.65 0.97
635 4.88 0.95
695 5.35 0.99
755 5.81 1.04
785 6.04 0.99
time (min) c/c 0
0 0.00
8 0.00
16 0.00
23 0.00
31 0.00
39 0.00
47 0.00
55 0.00
62 0.01
70 0.02
78 0.03
86 0.05
94 0.07
101 0.10
109 0.14
117 0.18
125 0.22
133 0.26
140 0.31
148 0.36
156 0.40
164 0.44
172 0.49
179 0.53
187 0.57
211 0.67
218 0.70
226 0.73
234 0.75
242 0.77
250 0.80
257 0.82
265 0.83
273 0.85
281 0.86
289 0.88
296 0.89
304 0.90
312 0.91
320 0.92
328 0.93
335 0.94
343 0.94
351 0.95
359 0.95
367 0.96
374 0.96
382 0.97
390 0.97
398 0.97
time (min) c/c 0
406 0.98
413 0.98
421 0.98
429 0.98
437 0.98
445 0.99
452 0.99
460 0.99
468 0.99
476 0.99
484 0.99
491 0.99
499 0.99
507 0.99
515 1.00
523 1.00
530 1.00
538 1.00
546 1.00
554 1.00
562 1.00
569 1.00
577 1.00
585 1.00
593 1.00
2-M-4,6-DNP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600 800
time (min)
c
/c
0
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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DF-LEM  Data  
 
 
2-Methyl-4,6-dinitrophenol 
 
pH=5.1 
   ε =0.38 
         Vw=0.23 m/h 
 
Rd =1.4 
          Kd =0.09 L/kg 
Experimental Data 
time (min) V/V p c/c 0
120 0.92 0.20
135 1.04 0.20
150 1.15 0.44
165 1.27 0.51
180 1.38 0.59
195 1.50 0.60
213 1.64 0.77
227 1.75 0.77
240 1.85 0.84
255 1.96 0.86
285 2.19 0.93
300 2.31 0.95
330 2.54 0.99
360 2.77 0.97
390 3.00 1.06
420 3.23 0.95
450 3.46 1.00
483 3.72 1.00
543 4.18 1.00
573 4.41 0.98
605 4.65 0.95
630 4.85 1.00
661 5.08 0.98
691 5.32 0.99
721 5.55 1.03
783 6.02 0.97
time (min) c/c 0
0 0.00
8 0.00
16 0.00
23 0.00
31 0.00
39 0.00
47 0.00
55 0.00
62 0.00
70 0.01
78 0.01
86 0.03
94 0.05
101 0.08
109 0.11
117 0.15
125 0.20
133 0.25
140 0.30
148 0.35
156 0.41
164 0.46
172 0.51
179 0.56
187 0.60
195 0.64
203 0.68
211 0.72
218 0.75
226 0.78
234 0.81
242 0.83
250 0.85
257 0.87
265 0.89
273 0.90
281 0.91
289 0.93
296 0.94
304 0.94
312 0.95
320 0.96
328 0.96
335 0.97
343 0.97
351 0.98
359 0.98
367 0.98
374 0.99
382 0.99
390 0.99
398 0.99
time (min) c/c 0
406 0.99
413 0.99
421 0.99
429 1.00
437 1.00
445 1.00
452 1.00
460 1.00
468 1.00
476 1.00
484 1.00
491 1.00
499 1.00
2-M-4,6-DNP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600 800
time (min)
c
/c
0
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
A-58 
         Experimental Data       DF-LEM  Data  
 
 
 
 
 
2-Methyl-4,6-dinitrophenol 
 
pH=5.2 
     ε =0.37 
          Vw=0.24 m/h 
 
Rd =1.3 
          Kd =0.07 L/kg 
2-M-4,6-DNP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600
time (min)
c
/c
0
time (min) V/V p c/c 0
120 0.95 0.23
135 1.07 0.35
150 1.19 0.49
165 1.31 0.56
180 1.43 0.67
195 1.55 0.72
210 1.67 0.79
225 1.79 0.86
240 1.91 0.87
255 2.02 0.84
270 2.14 0.89
285 2.26 0.89
300 2.38 0.96
360 2.86 1.00
393 3.12 0.98
433 3.44 0.94
466 3.70 1.00
527 4.18 0.96
556 4.42 1.00
588 4.67 1.00
time (min) c/c 0
0 0.00
8 0.00
16 0.00
23 0.00
31 0.00
39 0.00
47 0.00
55 0.00
62 0.01
70 0.02
78 0.03
86 0.06
94 0.09
101 0.14
109 0.19
117 0.24
125 0.30
133 0.36
140 0.41
148 0.47
156 0.52
164 0.57
172 0.62
179 0.67
187 0.71
195 0.74
203 0.77
211 0.80
218 0.83
226 0.85
234 0.87
242 0.89
250 0.91
257 0.92
265 0.93
273 0.94
281 0.95
289 0.96
296 0.96
304 0.97
312 0.97
320 0.98
328 0.98
335 0.98
343 0.99
351 0.99
359 0.99
367 0.99
374 0.99
382 0.99
390 1.00
398 1.00
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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 Experimental Data DF-LEM  Data 
 
 
 
 
 
2-Methyl-4,6-dinitrophenol 
 
pH=5.4 
   ε =0.38 
         Vw=0.23 m/h 
 
  Rd =1.25 
          Kd =0.06 L/kg 
2-M-4,6-DNP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600
time (min)
c
/c
0
time (min) c/c 0
0 0.00
8 0.00
16 0.00
23 0.00
31 0.00
39 0.00
47 0.00
55 0.00
62 0.00
70 0.00
78 0.01
86 0.02
94 0.03
101 0.06
109 0.10
117 0.15
125 0.21
133 0.28
140 0.35
148 0.43
156 0.50
164 0.57
172 0.63
179 0.69
187 0.74
195 0.79
203 0.82
211 0.86
218 0.89
226 0.91
234 0.93
242 0.94
250 0.95
257 0.96
265 0.97
273 0.98
281 0.98
289 0.99
296 0.99
304 0.99
312 0.99
320 1.00
328 1.00
335 1.00
343 1.00
351 1.00
359 1.00
367 1.00
374 1.00
382 1.00
390 1.00
398 1.00
time (min) V/V p c/c 0
120 0.92 0.16
150 1.15 0.52
180 1.38 0.66
210 1.62 0.90
225 1.73 0.91
255 1.96 0.91
270 2.08 1.00
300 2.31 1.00
330 2.54 0.94
360 2.77 0.98
423 3.25 0.95
480 3.69 0.94
571 4.39 1.01
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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     DF-LEM  Data 
 
 
 
2-Methyl-4,6-dinitrophenol 
 
pH=5.6 
   ε =0.38 
         Vw=0.23 m/h 
 
  Rd =1.15 
          Kd =0.03 L/kg 
time (min) c/c 0
0 0.00
6 0.00
12 0.00
18 0.00
24 0.00
30 0.00
36 0.00
42 0.00
48 0.00
54 0.00
60 0.01
66 0.01
72 0.02
78 0.04
84 0.06
90 0.09
96 0.13
102 0.17
108 0.21
114 0.26
120 0.31
126 0.37
132 0.42
138 0.47
144 0.52
150 0.57
156 0.61
162 0.65
168 0.69
174 0.73
180 0.76
186 0.79
192 0.81
198 0.84
204 0.86
210 0.88
216 0.89
222 0.91
228 0.92
234 0.93
240 0.94
246 0.95
252 0.96
258 0.96
264 0.97
270 0.97
276 0.98
282 0.98
288 0.98
294 0.99
300 0.99
time (min) c/c 0
306 0.99
312 0.99
318 0.99
324 0.99
330 0.99
336 1.00
342 1.00
348 1.00
354 1.00
360 1.00
366 1.00
372 1.00
378 1.00
384 1.00
390 1.00
396 1.00
Experimental Data 
time (min) V/V p c/c 0
105 0.83 0.16
115 0.91 0.26
125 0.99 0.38
126 1.00 0.00
135 1.07 0.46
145 1.15 0.57
155 1.23 0.64
185 1.47 0.76
202 1.60 0.81
216 1.71 0.86
231 1.83 0.96
245 1.94 1.02
281 2.23 1.01
323 2.56 0.95
350 2.78 1.01
381 3.02 0.98
410 3.25 0.94
440 3.49 0.97
475 3.77 0.98
503 3.99 1.00
533 4.23 1.02
563 4.47 0.95
594 4.71 0.99
2-M-4,6-DNP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 100 200 300 400 500 600
time (min)
c
/c
0
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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 Experimental Data DF-LEM  Data  
 
 
 
 
 
2-Methyl-4,6-dinitrophenol 
 
pH=5.9 
   ε =0.38 
         Vw=0.23 m/h 
 
Rd =1.1 
         Kd =0.02 L/kg 
2-M-4,6-DNP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600
time (min)
c
/c
0
time (min) c/c 0
0 0.00
8 0.00
16 0.00
23 0.00
31 0.00
39 0.00
47 0.00
55 0.00
62 0.01
70 0.02
78 0.04
86 0.07
94 0.11
101 0.17
109 0.24
117 0.31
125 0.39
133 0.47
140 0.54
148 0.61
156 0.67
164 0.72
172 0.77
179 0.81
187 0.85
195 0.88
203 0.90
211 0.92
218 0.94
226 0.95
234 0.96
242 0.97
250 0.98
257 0.98
265 0.99
273 0.99
281 0.99
289 0.99
296 0.99
304 1.00
312 1.00
320 1.00
328 1.00
335 1.00
343 1.00
351 1.00
359 1.00
367 1.00
374 1.00
382 1.00
390 1.00
398 1.00
time (min) V/V p c/c 0
105 0.81 0.20
115 0.88 0.31
125 0.96 0.45
135 1.04 0.47
145 1.12 0.64
155 1.19 0.67
170 1.31 0.76
185 1.42 0.78
207 1.59 0.84
222 1.71 0.94
235 1.81 0.97
252 1.94 0.99
280 2.15 0.97
310 2.38 0.99
370 2.85 0.99
430 3.31 0.97
496 3.82 0.99
555 4.27 1.01
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
A-62 
          Experimental Data       DF-LEM  Data  
2-M-4,6-DNP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600
time (min)
c
/c
0
time (min) c/c 0
60 0.00
66 0.00
72 0.00
78 0.00
84 0.00
90 0.00
96 0.00
102 0.00
108 0.00
114 0.01
120 0.02
126 0.06
132 0.12
138 0.22
144 0.36
150 0.50
156 0.64
162 0.76
168 0.85
174 0.91
180 0.95
186 0.98
192 0.99
198 0.99
204 1.00
210 1.00
216 1.00
222 1.00
228 1.00
234 1.00
240 1.00
246 1.00
252 1.00
258 1.00
264 1.00
270 1.00
276 1.00
282 1.00
288 1.00
294 1.00
300 1.00
time (min) V/V p c/c 0
121 0.94 0.00
129 1.00 0.07
135 1.05 0.16
141 1.09 0.31
147 1.14 0.44
153 1.19 0.57
159 1.23 0.66
165 1.28 0.72
171 1.33 0.75
179 1.39 0.93
194 1.50 0.98
209 1.62 1.03
224 1.74 1.00
239 1.85 1.06
254 1.97 1.01
284 2.20 1.04
314 2.43 0.97
375 2.91 0.95
434 3.37 0.99
531 4.12 1.00
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
 
2-Methyl-4,6-dinitrophenol 
 
pH=7.4 
    ε =0.45 
         Vw=0.20 m/h 
 
  Rd =1.00 
          Kd =0.00 L/kg 
                                                                                                                                                                A-63 
DF-LEM  Data  
 
 
2,4,6-Trichlorophenol 
 
pH=4.6 
   ε =0.38 
         Vw=0.23 m/h 
 
Rd =1.5 
          Kd =0.12 L/kg 
2,4,6-TCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600 800
time (min)
c
/c
0
time (min) c/c 0
306 0.96
312 0.97
318 0.97
324 0.98
330 0.98
336 0.98
342 0.99
348 0.99
354 0.99
360 0.99
366 0.99
372 0.99
378 0.99
384 1.00
390 1.00
396 1.00
402 1.00
408 1.00
414 1.00
420 1.00
426 1.00
432 1.00
438 1.00
444 1.00
450 1.00
Experimental Data 
time (min) V/V p c/c 0
135 1.02 0.00
150 1.14 0.21
165 1.25 0.34
180 1.36 0.47
195 1.48 0.57
210 1.59 0.69
225 1.70 0.68
255 1.93 0.82
270 2.05 0.86
285 2.16 0.95
300 2.27 0.87
396 3.00 0.90
420 3.18 0.97
510 3.86 1.01
540 4.09 1.01
600 4.55 1.04
640 4.85 1.01
667 5.05 1.00
692 5.24 1.01
720 5.45 0.95
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
time (min) c/c 0
0 0.00
6 0.00
12 0.00
18 0.00
24 0.00
30 0.00
36 0.00
42 0.00
48 0.00
54 0.00
60 0.00
66 0.00
72 0.00
78 0.00
84 0.00
90 0.00
96 0.01
102 0.01
108 0.02
114 0.04
120 0.05
126 0.07
132 0.10
138 0.13
144 0.17
150 0.21
156 0.25
162 0.30
168 0.34
174 0.39
180 0.44
186 0.48
192 0.53
198 0.57
204 0.61
210 0.65
216 0.69
222 0.72
228 0.75
234 0.78
240 0.81
246 0.83
252 0.85
258 0.87
264 0.89
270 0.90
276 0.92
282 0.93
288 0.94
294 0.95
300 0.95
A-64 
          Experimental Data       DF-LEM  Data 
 
 
 
 
 
 
 
 
2,4,6-Trichlorophenol 
 
pH=5.1 
   ε =0.38 
         Vw=0.23 m/h 
 
  Rd =1.55 
          Kd =0.13 L/kg 
2,4,6-TCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600 800
time (min)
c
/c
0
time (min) c/c 0
70 0.00
78 0.00
86 0.00
94 0.01
101 0.02
109 0.03
117 0.05
125 0.08
133 0.12
140 0.16
148 0.20
156 0.25
164 0.31
172 0.36
179 0.41
187 0.47
195 0.52
203 0.57
211 0.62
218 0.66
226 0.70
234 0.74
242 0.77
250 0.80
257 0.83
265 0.85
273 0.87
281 0.89
289 0.91
296 0.92
304 0.93
312 0.94
320 0.95
328 0.96
335 0.96
343 0.97
351 0.98
359 0.98
367 0.98
374 0.99
382 0.99
390 0.99
398 0.99
406 0.99
413 0.99
421 1.00
429 1.00
437 1.00
445 1.00
452 1.00
460 1.00
time (min) V/V p c/c 0
135 1.04 0.00
150 1.15 0.24
165 1.27 0.31
180 1.38 0.45
195 1.50 0.49
213 1.64 0.62
227 1.75 0.72
240 1.85 0.74
255 1.96 0.78
285 2.19 0.90
300 2.31 1.00
330 2.54 1.00
360 2.77 1.02
420 3.23 0.91
450 3.46 1.01
483 3.72 1.02
543 4.18 1.00
573 4.41 1.01
630 4.85 0.96
661 5.08 1.02
691 5.32 0.98
783 6.02 0.92
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
                                                                                                                                                                A-65 
 Experimental Data DF-LEM  Data 
 
 
 
 
 
 
 
2,4,6-Trichlorophenol 
 
pH=5.2 
   ε =0.37 
         Vw=0.24 m/h 
 
  Rd =1.55 
          Kd =0.12 L/kg 
2,4,6-TCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 100 200 300 400 500 600
time (min)
c
/c
0
time (min) c/c 0
0 0.00
8 0.00
16 0.00
23 0.00
31 0.00
39 0.00
47 0.00
55 0.00
62 0.00
70 0.00
78 0.00
86 0.00
94 0.01
101 0.01
109 0.03
117 0.04
125 0.07
133 0.11
140 0.15
148 0.20
156 0.25
164 0.31
172 0.37
179 0.44
187 0.50
195 0.55
203 0.61
211 0.66
218 0.71
226 0.75
234 0.78
242 0.82
250 0.85
257 0.87
265 0.89
273 0.91
281 0.93
289 0.94
296 0.95
304 0.96
312 0.97
320 0.97
328 0.98
335 0.98
343 0.99
351 0.99
359 0.99
367 0.99
374 0.99
382 1.00
390 1.00
398 1.00
time (min) V/V p c/c 0
120 0.95 0.07
135 1.07 0.08
150 1.19 0.20
165 1.31 0.31
180 1.43 0.44
195 1.55 0.54
210 1.67 0.65
225 1.79 0.79
240 1.91 0.79
255 2.02 0.86
270 2.14 0.85
285 2.26 0.87
300 2.38 0.93
333 2.64 1.00
360 2.86 1.02
393 3.12 1.04
433 3.44 0.99
466 3.70 0.94
527 4.18 0.97
588 4.67 1.00
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
A-66 
          Experimental Data       DF-LEM  Data 
 
 
 
 
 
 
 
2,4,6-Trichlorophenol 
 
pH=5.4 
   ε =0.38 
         Vw=0.23 m/h 
 
  Rd =1.35 
          Kd =0.08 L/kg 
2,4,6-TCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600
time (min)
c
/c
0
time (min) c/c 0
0 0.00
8 0.00
16 0.00
23 0.00
31 0.00
39 0.00
47 0.00
55 0.00
62 0.00
70 0.00
78 0.00
86 0.00
94 0.01
101 0.01
109 0.03
117 0.05
125 0.11
133 0.16
140 0.21
148 0.28
156 0.35
164 0.42
172 0.50
179 0.57
187 0.64
195 0.70
203 0.76
211 0.81
218 0.85
226 0.88
234 0.91
242 0.94
250 0.96
257 0.94
265 0.96
273 0.97
281 0.97
289 0.98
296 0.99
304 0.99
312 0.99
320 0.99
328 1.00
335 1.00
343 1.00
351 1.00
359 1.00
367 1.00
374 1.00
382 1.00
390 1.00
398 1.00
time (min) V/V p c/c 0
120 0.92 0.00
150 1.15 0.32
180 1.38 0.56
210 1.62 0.85
225 1.73 0.81
240 1.85 0.96
255 1.96 0.90
270 2.08 1.05
300 2.31 1.03
330 2.54 0.96
390 3.00 0.96
480 3.69 1.01
571 4.39 1.04
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
                                                                                                                                                                A-67 
      Experimental Data DF-LEM  Data 
 
 
 
 
 
 
 
2,4,6-Trichlorophenol 
 
pH=5.9 
   ε =0.38 
         Vw=0.23 m/h 
 
Rd =1.3 
          Kd =0.07 L/kg 
2,4,6-TCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 100 200 300 400 500 600
time (m in)
c
/c
0
time (min) c/c 0
0 0.00
8 0.00
16 0.00
23 0.00
31 0.00
39 0.00
47 0.00
55 0.00
62 0.00
70 0.00
78 0.01
86 0.02
94 0.04
101 0.07
109 0.11
117 0.15
125 0.21
133 0.27
140 0.33
148 0.40
156 0.46
164 0.52
172 0.58
179 0.64
187 0.69
195 0.73
203 0.77
211 0.81
218 0.84
226 0.86
234 0.89
242 0.90
250 0.92
257 0.94
265 0.95
273 0.96
281 0.96
289 0.97
296 0.98
304 0.98
312 0.98
320 0.99
328 0.99
335 0.99
343 0.99
351 1.00
359 1.00
367 1.00
374 1.00
382 1.00
390 1.00
398 1.00
time (min) V/V p c/c 0
105 0.81 0.00
125 0.96 0.20
135 1.04 0.27
145 1.12 0.35
155 1.19 0.47
170 1.31 0.58
185 1.42 0.64
207 1.59 0.78
222 1.71 0.81
235 1.81 0.85
252 1.94 0.92
280 2.15 0.91
310 2.38 0.99
370 2.85 0.99
430 3.31 0.95
496 3.82 1.03
555 4.27 1.01
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
A-68 
          Experimental Data       DF-LEM  Data   
2,4,6-Trichlorophenol 
 
pH=7.4 
   ε =0.45 
         Vw=0.20 m/h 
 
Rd =1.1 
 Kd =0.03  L/kg 
2,4,6-TCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 100 200 300 400 500 600
time (min)
c
/c
0
time (min) V/V p c/c 0
121 0.94 0.00
129 1.00 0.06
135 1.05 0.17
141 1.09 0.27
147 1.14 0.41
153 1.19 0.53
159 1.23 0.65
165 1.28 0.69
171 1.33 0.75
179 1.39 0.89
194 1.50 0.97
209 1.62 0.99
224 1.74 0.98
254 1.97 1.04
314 2.43 0.96
375 2.91 0.98
434 3.37 0.98
531 4.12 0.98
time (min) c/c 0
60 0.00
66 0.00
72 0.00
78 0.00
84 0.00
90 0.00
96 0.00
102 0.00
108 0.00
114 0.01
120 0.02
126 0.06
132 0.12
138 0.22
144 0.36
150 0.50
156 0.64
162 0.76
168 0.85
174 0.91
180 0.95
186 0.98
192 0.99
198 0.99
204 1.00
210 1.00
216 1.00
222 1.00
228 1.00
234 1.00
240 1.00
246 1.00
252 1.00
258 1.00
264 1.00
270 1.00
276 1.00
282 1.00
288 1.00
294 1.00
300 1.00
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
                                                                                                                                                                A-69 
DF-LEM  Data 
 
 
 
Pentachlorophenol 
 
pH=4.8 
   ε =0.38 
         Vw=0.23 m/h 
 
Rd =6.0 
           Kd =1.16 L/kg 
PCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 500 1000 1500 2000
time (min)
c
/c
0
Experimental Data 
time (min) V/V p c/c 0
425 3.27 0.00
455 3.50 0.15
485 3.73 0.17
515 3.96 0.28
545 4.19 0.34
575 4.42 0.40
605 4.65 0.38
635 4.88 0.40
665 5.12 0.45
695 5.35 0.52
725 5.58 0.57
755 5.81 0.57
785 6.04 0.61
845 6.50 0.66
915 7.04 0.63
1080 8.31 0.80
1200 9.23 0.90
1440 11.08 0.89
1680 12.92 1.03
time (min) c/c 0
184 0.00
202 0.00
220 0.01
238 0.01
256 0.02
274 0.02
292 0.03
310 0.04
328 0.05
346 0.07
364 0.08
382 0.10
400 0.12
418 0.14
436 0.16
454 0.18
472 0.20
490 0.22
508 0.25
526 0.27
544 0.30
562 0.32
580 0.34
598 0.37
616 0.39
634 0.42
652 0.44
670 0.46
688 0.48
706 0.51
724 0.53
742 0.55
760 0.57
778 0.59
796 0.61
814 0.63
832 0.64
850 0.66
868 0.68
886 0.69
904 0.71
922 0.72
940 0.74
958 0.75
976 0.76
994 0.78
1012 0.79
1030 0.80
1048 0.81
1066 0.82
1084 0.83
1102 0.84
1120 0.85
time (min) c/c 0
1138 0.85
1156 0.86
1174 0.87
1192 0.88
1210 0.88
1228 0.89
1246 0.90
1264 0.90
1282 0.91
1300 0.91
1318 0.92
1336 0.92
1354 0.93
1372 0.93
1390 0.93
1408 0.94
1426 0.94
1444 0.94
1462 0.95
1480 0.95
1498 0.95
1516 0.96
1534 0.96
1552 0.96
1570 0.96
1588 0.97
1606 0.97
1624 0.97
1642 0.97
1660 0.97
1678 0.97
1696 0.98
1714 0.98
1732 0.98
1750 0.98
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
A-70 
     DF-LEM  Data  
 
 
Pentachlorophenol 
 
pH=5.1 
   ε =0.38 
         Vw=0.23 m/h 
 
Rd =4.6 
           Kd =0.83 L/kg 
PCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600 800 1000 1200
time (min)
c
/c
0
time (min) c/c 0
702 0.74
710 0.75
718 0.76
725 0.77
733 0.78
741 0.79
749 0.80
757 0.81
772 0.82
780 0.83
796 0.84
803 0.85
819 0.86
827 0.87
842 0.88
850 0.89
866 0.90
881 0.91
905 0.92
920 0.93
944 0.94
975 0.95
998 0.96
1030 0.97
1053 0.98
1084 0.98
1108 0.99
1131 0.99
1154 0.99
1178 1.00
1186 1.00
1193 1.00
time (min) c/c 0
234 0.00
250 0.01
273 0.01
281 0.02
296 0.03
312 0.04
320 0.05
335 0.06
343 0.07
351 0.08
359 0.09
367 0.10
374 0.11
382 0.12
390 0.14
398 0.15
406 0.17
413 0.18
421 0.19
429 0.21
437 0.23
445 0.24
452 0.26
460 0.27
468 0.29
476 0.31
484 0.33
491 0.34
499 0.36
507 0.38
515 0.39
523 0.41
530 0.43
538 0.45
546 0.46
554 0.48
562 0.49
569 0.51
577 0.53
585 0.54
593 0.56
601 0.57
608 0.59
616 0.60
624 0.62
632 0.63
640 0.64
647 0.66
655 0.67
663 0.68
671 0.69
679 0.71
686 0.72
694 0.73
Experimental Data 
time (min) V/V p c/c 0
360 2.77 0.00
390 3.00 0.12
420 3.23 0.17
450 3.46 0.23
483 3.72 0.36
543 4.18 0.44
573 4.41 0.50
605 4.65 0.56
630 4.85 0.64
661 5.08 0.63
691 5.32 0.71
721 5.55 0.74
783 6.02 0.81
847 6.52 0.78
960 7.38 1.00
1200 9.23 0.96
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
                                                                                                                                                                A-71 
DF-LEM  Data 
 
 
 
 
 
Pentachlorophenol 
 
pH=5.2 
   ε =0.37 
         Vw=0.24 m/h 
 
Rd =4.7 
           Kd =0.82 L/kg 
time (min) c/c 0
671 0.70
679 0.71
686 0.72
694 0.73
702 0.74
710 0.75
718 0.76
725 0.77
733 0.78
741 0.79
757 0.80
764 0.81
772 0.82
780 0.83
803 0.84
811 0.85
827 0.86
835 0.87
850 0.88
858 0.89
874 0.90
889 0.91
913 0.92
928 0.93
967 0.94
983 0.95
1006 0.96
1037 0.97
1061 0.98
1092 0.98
1115 0.99
1154 0.99
1193 1.00
time (min) c/c 0
218 0.00
234 0.01
257 0.02
281 0.03
289 0.04
304 0.05
312 0.06
328 0.07
335 0.08
343 0.09
351 0.11
359 0.12
367 0.13
374 0.14
382 0.15
390 0.17
398 0.18
406 0.20
413 0.21
421 0.23
429 0.24
437 0.26
445 0.27
452 0.29
460 0.31
468 0.32
476 0.34
484 0.36
491 0.37
499 0.39
507 0.41
515 0.42
523 0.44
530 0.45
538 0.47
546 0.49
554 0.50
562 0.52
569 0.53
577 0.55
585 0.56
593 0.57
601 0.59
608 0.60
616 0.61
624 0.63
632 0.64
640 0.65
647 0.66
655 0.68
663 0.69
Experimental Data 
time (min) V/V p c/c 0
333 2.64 0.00
360 2.86 0.10
393 3.12 0.20
433 3.44 0.20
466 3.70 0.34
527 4.18 0.39
556 4.42 0.57
588 4.67 0.58
617 4.90 0.69
647 5.14 0.64
675 5.36 0.71
707 5.61 0.74
750 5.96 0.77
783 6.22 0.80
855 6.79 0.75
960 7.62 1.00
1200 9.53 1.05
PCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600 800 1000 1200
time (min)
c
/c
0
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
A-72 
     DF-LEM  Data  
 
 
Pentachlorophenol 
 
pH=5.4 
   ε =0.38 
         Vw=0.23 m/h 
 
Rd =2.8 
          Kd =0.42 L/kg 
PCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600 800 1000
time (m in)
c
/c
0
time (min) c/c 0
538 0.98
546 0.98
554 0.98
562 0.99
569 0.99
577 0.99
585 0.99
593 0.99
601 0.99
608 1.00
616 1.00
624 1.00
632 1.00
640 1.00
time (min) c/c 0
140 0.00
148 0.00
156 0.00
164 0.00
172 0.00
179 0.00
187 0.00
195 0.00
203 0.00
211 0.00
218 0.01
226 0.01
234 0.01
242 0.02
250 0.03
257 0.04
265 0.06
273 0.07
281 0.10
289 0.12
296 0.15
304 0.18
312 0.22
320 0.26
328 0.30
335 0.34
343 0.38
351 0.43
359 0.47
367 0.51
374 0.56
382 0.60
390 0.64
398 0.67
406 0.71
413 0.74
421 0.77
429 0.80
437 0.82
445 0.84
452 0.86
460 0.88
468 0.90
476 0.91
484 0.92
491 0.93
499 0.94
507 0.95
515 0.96
523 0.97
530 0.97
Experimental Data 
time (min) V/V p c/c 0
270 2.08 0.00
285 2.19 0.12
300 2.31 0.19
330 2.54 0.32
360 2.77 0.55
390 3.00 0.52
423 3.25 0.73
480 3.69 0.96
571 4.39 0.90
601 4.62 0.93
630 4.85 0.98
678 5.22 1.01
690 5.31 0.98
705 5.42 0.99
735 5.65 0.99
765 5.88 1.03
780 6.00 1.03
870 6.69 0.97
904 6.95 0.98
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
                                                                                                                                                                A-73 
DF-LEM  Data 
 
 
 
Pentachlorophenol 
 
pH=5.6 
   ε =0.38 
         Vw=0.23 m/h 
 
Rd =3.4 
          Kd =0.56 L/kg 
 
PCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600 800 1000
time (m in)
c
/c
0
time (min) c/c 0
608 0.88
616 0.89
624 0.90
632 0.90
640 0.91
647 0.92
655 0.92
663 0.93
671 0.93
679 0.94
686 0.94
694 0.95
702 0.95
710 0.95
718 0.96
725 0.96
733 0.96
741 0.97
749 0.97
757 0.97
764 0.97
772 0.98
780 0.98
788 0.98
796 0.98
804 0.98
812 0.99
820 0.99
827 0.99
835 0.99
843 0.99
851 0.99
859 1.00
867 1.00
time (min) c/c 0
187 0.00
195 0.01
203 0.01
211 0.01
218 0.02
226 0.02
234 0.03
242 0.04
250 0.05
257 0.06
265 0.07
273 0.08
281 0.10
289 0.11
296 0.13
304 0.15
312 0.17
320 0.19
328 0.21
335 0.23
343 0.26
351 0.28
359 0.30
367 0.33
374 0.35
382 0.38
390 0.40
398 0.43
406 0.45
413 0.48
421 0.50
429 0.52
437 0.55
445 0.57
452 0.59
460 0.61
468 0.63
476 0.65
484 0.67
491 0.69
499 0.71
507 0.72
515 0.74
523 0.76
530 0.77
538 0.78
546 0.80
554 0.81
562 0.82
569 0.83
577 0.84
585 0.85
593 0.86
601 0.87
Experimental Data 
time (min) V/V p c/c 0
281 2.23 0.00
323 2.56 0.20
350 2.78 0.30
381 3.02 0.41
410 3.25 0.59
440 3.49 0.52
475 3.77 0.68
503 3.99 0.71
533 4.23 0.77
563 4.47 0.76
594 4.71 0.76
622 4.94 0.85
680 5.40 0.97
753 5.98 0.95
807 6.40 0.98
900 7.14 1.00
950 7.54 0.99
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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     DF-LEM  Data  
 
 
Pentachlorophenol 
 
pH=5.9 
   ε =0.38 
         Vw=0.23 m/h 
 
Rd =2.1 
          Kd =0.25 L/kg 
PCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600 800
time (m in)
c
/c
0
time (min) c/c 0
406 0.91
413 0.92
421 0.93
429 0.93
437 0.94
445 0.95
452 0.95
460 0.96
468 0.96
476 0.97
484 0.97
491 0.97
499 0.98
507 0.98
515 0.98
523 0.98
530 0.98
538 0.99
546 0.99
554 0.99
562 0.99
569 0.99
577 0.99
585 0.99
593 0.99
601 0.99
608 1.00
616 1.00
624 1.00
632 1.00
640 1.00
647 1.00
655 1.00
663 1.00
671 1.00
679 1.00
686 1.00
694 1.00
time (min) c/c 0
0 0.00
8 0.00
16 0.00
23 0.00
31 0.00
39 0.00
47 0.00
55 0.00
62 0.00
70 0.00
78 0.00
86 0.00
94 0.00
101 0.00
109 0.01
117 0.01
125 0.02
133 0.02
140 0.04
148 0.05
156 0.07
164 0.09
172 0.11
179 0.14
187 0.17
195 0.21
203 0.24
211 0.28
218 0.31
226 0.35
234 0.39
242 0.43
250 0.46
257 0.50
265 0.53
273 0.57
281 0.60
289 0.63
296 0.66
304 0.69
312 0.71
320 0.74
328 0.76
335 0.78
343 0.80
351 0.82
359 0.83
367 0.85
374 0.86
382 0.88
390 0.89
398 0.90
Experimental Data 
time (min) V/V p c/c 0
145 1.12 0.00
155 1.19 0.07
170 1.31 0.11
185 1.42 0.10
207 1.59 0.23
222 1.71 0.31
235 1.81 0.37
252 1.94 0.54
280 2.15 0.63
310 2.38 0.62
370 2.85 0.82
430 3.31 0.95
496 3.82 1.05
555 4.27 1.05
700 5.38 1.01
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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 Experimental Data DF-LEM  Data 
 
 
Pentachlorophenol 
 
pH=7.4 
   ε =0.45 
         Vw=0.20 m/h 
 
Rd =1.3 
          Kd =0.09 L/kg 
PCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600
time (m in)
c
/c
0
time (min) c/c 0
60 0.00
66 0.00
72 0.00
78 0.00
84 0.00
90 0.00
96 0.00
102 0.00
108 0.00
114 0.00
120 0.00
126 0.00
132 0.00
138 0.01
144 0.02
150 0.03
156 0.06
162 0.10
168 0.15
174 0.21
180 0.29
186 0.37
192 0.46
198 0.54
204 0.63
210 0.70
216 0.77
222 0.82
228 0.87
234 0.90
240 0.93
246 0.95
252 0.97
258 0.98
264 0.98
270 0.99
276 0.99
282 1.00
288 1.00
294 1.00
300 1.00
306 1.00
312 1.00
318 1.00
324 1.00
330 1.00
336 1.00
342 1.00
348 1.00
354 1.00
360 1.00
366 1.00
372 1.00
378 1.00
384 1.00
390 1.00
396 1.00
time (min) V/V p c/c 0
129 1.00 0.00
141 1.09 0.00
147 1.14 0.00
153 1.19 0.00
159 1.23 0.00
165 1.28 0.12
171 1.33 0.17
179 1.39 0.30
194 1.50 0.57
209 1.62 0.70
224 1.74 0.76
239 1.85 0.94
254 1.97 0.89
314 2.43 0.96
375 2.91 0.95
434 3.37 1.01
531 4.12 1.00
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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A.2.6. Experimental data tables and breaktrough data relating to 
the study of "NOM effect", Sorption at different NOM 
concentrations (section (4.3.2.)) 
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A.2.6.1. Experimental data tables  
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Table A.2.7. Experimentaly determined sorption coefficients, Kd
*, of 2-
M-4,6-DNP for sorption from natural river water with different DOC 
concentrations at pH=4.8 comparing with sorption coefficients, Kd 
predicted from Eq.(39) 
 
β(DOC) 
(mg/L) 
 
α β(DOC) 
(mg/L) 
 
Kd
* 
(L/kg) 
 
Kd
*
/Kd 
(-) 
 
Kd-Kd
*
/Kd
* 
(-) 
2.4 0.59 0.10 0.54 0.85 
5.6 1.37 0.10 0.54 0.85 
11.9 2.91 0.07 0.38 1.64 
 
 
 
 
 
 
Table A.2.8. Experimentaly determined sorption coefficients, Kd
*, of 2,4-
DNP for sorption from natural river water with different DOC 
concentrations at pH=4.8 comparing with coefficient of sorption from 
pure water, Kd=0.06 L/kg 
β(DOC) 
(mg/L) 
α β(DOC) 
(mg/L) 
Kd
* 
(L/kg) 
Kd
*/Kd 
(-) 
 
Kd-Kd
*/Kd
* 
(-) 
2.4 0.39 0.03 0.50 1.00 
5.6 0.91 0.01 0.17 5.00 
11.9 1.94 0.02 0.33 2.00 
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A.2.6.2. Breakthrough data 
 
 
Following values were used for input parameters in all DF-LEM calculations: 
 
L (column length) = 0.5 m 
A (column cross sectional area) = 0.0044 m2 
ρg (grain density) =2.65 g cm
-3 
c0 (initial concentration of each phenol) =0.1 mg/L  
 
The values of other input parameters (ε (porosity) and Vw (pore water velocity)) for 
each DF-LEM calculation have been illustrated in related page.   
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 DF-LEM  Data  
 
 
2-Methyl-4,6-dinitrophenol 
pH=4.8 
   β(DOC)=2.4  mg/L 
   ε =0.37 
         Vw=0.22 m/h 
 
    Rd =1.45 
            Kd =0.10 L/kg 
2-M-4,6-DNP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600
time (m in)
c
/c
0
time (min) c/c 0
402 0.99
408 0.99
414 0.99
420 0.99
426 0.99
432 0.99
438 1.00
444 1.00
450 1.00
456 1.00
462 1.00
468 1.00
474 1.00
480 1.00
486 1.00
492 1.00
498 1.00
504 1.00
510 1.00
516 1.00
522 1.00
528 1.00
534 1.00
540 1.00
546 1.00
552 1.00
558 1.00
564 1.00
570 1.00
576 1.00
582 1.00
588 1.00
594 1.00
600 1.00
time (min) c/c 0
78 0.00
84 0.01
90 0.01
96 0.02
102 0.04
108 0.05
114 0.07
120 0.10
126 0.12
132 0.15
138 0.19
144 0.22
150 0.26
156 0.30
162 0.34
168 0.38
174 0.42
180 0.46
186 0.50
192 0.53
198 0.57
204 0.60
210 0.64
216 0.67
222 0.70
228 0.72
234 0.75
240 0.77
246 0.79
252 0.81
258 0.83
264 0.85
270 0.86
276 0.88
282 0.89
288 0.90
294 0.91
300 0.92
306 0.93
312 0.94
318 0.94
324 0.95
330 0.95
336 0.96
342 0.96
348 0.97
354 0.97
360 0.97
366 0.98
372 0.98
378 0.98
384 0.98
390 0.99
396 0.99
Experimental Data 
time (min) V/V p c/c 0
105 0.78 0.01
120 0.89 0.07
135 1.00 0.15
150 1.11 0.27
165 1.22 0.39
180 1.33 0.49
195 1.44 0.58
210 1.56 0.68
225 1.67 0.69
240 1.78 0.77
245 1.81 0.76
270 2.00 0.80
287 2.13 0.87
300 2.22 0.87
315 2.33 0.86
330 2.44 0.93
360 2.67 1.00
375 2.78 0.94
390 2.89 0.94
405 3.00 0.93
420 3.11 1.00
450 3.33 1.02
480 3.56 0.96
510 3.78 0.93
540 4.00 0.96
570 4.22 0.92
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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DF-LEM  Data  
 
2-Methyl-4,6-dinitrophenol 
 
pH=4.8 
   β(DOC)=5.6  mg/L 
   ε =0.38 
         Vw=0.21 m/h 
 
  Rd =1.45 
          Kd =0.10 L/kg 
2-M-4,6-DNP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600 800 1000
time (min)
c
/c
0
time (min) c/c 0
402 1.00
408 1.00
414 1.00
420 1.00
426 1.00
432 1.00
438 1.00
444 1.00
450 1.00
456 1.00
462 1.00
468 1.00
474 1.00
480 1.00
486 1.00
492 1.00
498 1.00
time (min) c/c 0
96 0.00
102 0.01
108 0.01
114 0.02
120 0.03
126 0.05
132 0.07
138 0.09
144 0.12
150 0.15
156 0.19
162 0.23
168 0.27
174 0.31
180 0.36
186 0.40
192 0.45
198 0.49
204 0.53
210 0.58
216 0.61
222 0.65
228 0.69
234 0.72
240 0.75
246 0.78
252 0.80
258 0.82
264 0.84
270 0.86
276 0.88
282 0.89
288 0.91
294 0.92
300 0.93
306 0.94
312 0.95
318 0.95
324 0.96
330 0.97
336 0.97
342 0.97
348 0.98
354 0.98
360 0.98
366 0.99
372 0.99
378 0.99
384 0.99
390 0.99
396 0.99
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
Experimental Data 
time (min) V/V p c/c 0
150 1.07 0.12
165 1.18 0.24
180 1.29 0.36
195 1.39 0.47
210 1.50 0.57
225 1.61 0.65
240 1.71 0.74
255 1.82 0.79
270 1.93 0.85
285 2.04 0.86
300 2.14 0.94
315 2.25 0.89
330 2.36 1.00
345 2.46 0.99
360 2.57 1.03
375 2.68 0.98
405 2.89 1.03
420 3.00 0.98
435 3.11 0.94
480 3.43 0.95
510 3.64 1.02
540 3.86 0.93
570 4.07 1.01
600 4.29 0.92
630 4.50 1.06
660 4.71 0.94
690 4.93 0.93
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      Experimental Data  DF-LEM  Data 
 
 
 
 
 
2-Methyl-4,6-dinitrophenol 
 
pH=4.8 
     β(DOC)=11.9  mg/L 
   ε =0.38 
         Vw=0.21 m/h 
 
Rd =1.3 
          Kd =0.07 L/kg 
2-M-4,6-DNP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600 800
time (min)
c
/c
0
time (min) c/c 0
84 0.00
90 0.01
96 0.01
102 0.02
108 0.03
114 0.05
120 0.08
126 0.11
132 0.14
138 0.18
144 0.22
150 0.27
156 0.31
162 0.36
168 0.41
174 0.46
180 0.51
186 0.56
192 0.60
198 0.64
204 0.68
210 0.72
216 0.75
222 0.78
228 0.81
234 0.83
240 0.86
246 0.87
252 0.89
258 0.91
264 0.92
270 0.93
276 0.94
282 0.95
288 0.96
294 0.96
300 0.97
306 0.97
312 0.98
318 0.98
324 0.98
330 0.99
336 0.99
342 0.99
348 0.99
354 0.99
360 1.00
366 1.00
372 1.00
378 1.00
384 1.00
390 1.00
396 1.00
time (min) V/V p c/c 0
124 0.89 0.08
150 1.07 0.29
165 1.18 0.38
180 1.29 0.48
195 1.39 0.64
210 1.50 0.70
225 1.61 0.70
240 1.71 0.76
255 1.82 0.89
285 2.04 0.87
300 2.14 0.92
315 2.25 0.95
330 2.36 0.98
345 2.46 0.98
360 2.57 1.03
375 2.68 0.99
390 2.79 1.06
405 2.89 1.00
420 3.00 0.98
435 3.11 1.00
450 3.21 0.93
480 3.43 1.01
510 3.64 1.03
540 3.86 0.93
630 4.50 0.96
660 4.71 1.01
690 4.93 0.96
720 5.14 1.06
750 5.36 0.99
780 5.57 0.99
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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DF-LEM  Data  2,4-Dinitrophenol 
 
pH=4.8 
   β(DOC)=2.4  mg/L 
   ε =0.37 
         Vw=0.22 m/h 
 
  Rd =1.12 
          Kd =0.03 L/kg 
Experimental Data 
time (min) V/V p c/c 0
105 0.78 0.08
120 0.89 0.25
135 1.00 0.41
150 1.11 0.55
165 1.22 0.65
180 1.33 0.71
195 1.44 0.80
210 1.56 0.90
225 1.67 0.90
240 1.78 0.98
245 1.81 0.94
270 2.00 0.96
287 2.13 0.96
300 2.22 0.96
315 2.33 0.94
330 2.44 1.00
360 2.67 1.04
375 2.78 0.96
390 2.89 0.97
405 3.00 0.95
420 3.11 1.02
450 3.33 1.03
480 3.56 0.97
510 3.78 0.93
540 4.00 0.97
570 4.22 0.93
time (min) c/c 0
69 0.00
72 0.01
75 0.01
78 0.01
81 0.02
84 0.02
87 0.03
90 0.04
93 0.05
96 0.06
99 0.08
102 0.10
105 0.11
108 0.14
111 0.16
114 0.18
117 0.21
120 0.24
123 0.26
126 0.29
129 0.32
132 0.35
135 0.38
138 0.41
141 0.44
144 0.47
147 0.50
150 0.53
153 0.56
156 0.59
159 0.61
162 0.64
165 0.66
168 0.69
171 0.71
174 0.73
177 0.75
180 0.77
183 0.78
186 0.80
189 0.82
192 0.83
195 0.85
198 0.86
time (min) c/c 0
201 0.87
204 0.88
207 0.89
210 0.90
213 0.91
216 0.92
219 0.92
222 0.93
225 0.94
228 0.94
231 0.95
234 0.95
237 0.96
240 0.96
243 0.97
246 0.97
249 0.97
252 0.97
255 0.98
258 0.98
261 0.98
264 0.98
267 0.99
270 0.99
273 0.99
276 0.99
279 0.99
282 0.99
285 0.99
288 0.99
291 0.99
294 0.99
297 1.00
300 1.00
2,4-DNP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600
time (m in)
c
/c
0
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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      Experimental Data  DF-LEM  Data 
 
 
2,4-Dinitrophenol 
 
pH=4.8 
   β(DOC)=5.6  mg/L 
   ε =0.38 
         Vw=0.21 m/h 
 
  Rd =1.05 
         Kd =0.01 L/kg 
2,4-DNP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600
time (m in)
c
/c
0
time (min) c/c 0
66 0.00
72 0.01
78 0.01
84 0.03
90 0.04
96 0.07
102 0.11
108 0.15
114 0.20
120 0.26
126 0.31
132 0.38
138 0.44
144 0.50
150 0.56
156 0.61
162 0.66
168 0.71
174 0.75
180 0.79
186 0.82
192 0.85
198 0.87
204 0.89
210 0.91
216 0.93
222 0.94
228 0.95
234 0.96
240 0.97
246 0.97
252 0.98
258 0.98
264 0.99
270 0.99
276 0.99
282 0.99
288 0.99
294 1.00
300 1.00
306 1.00
312 1.00
318 1.00
324 1.00
330 1.00
336 1.00
342 1.00
348 1.00
354 1.00
360 1.00
366 1.00
372 1.00
378 1.00
384 1.00
390 1.00
396 1.00
time (min) V/V p c/c 0
120 0.86 0.23
150 1.07 0.55
165 1.18 0.66
180 1.29 0.78
195 1.39 0.86
210 1.50 0.91
225 1.61 0.95
240 1.71 1.02
255 1.82 1.02
270 1.93 1.10
285 2.04 1.04
300 2.14 1.06
315 2.25 0.98
330 2.36 1.07
345 2.46 1.05
360 2.57 1.04
375 2.68 0.93
405 2.89 1.02
420 3.00 0.99
435 3.11 0.95
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
A-90 
        Experimental Data DF-LEM  Data 
 
 
 
2,4-Dinitrophenol 
 
pH=4.8 
     β(DOC)=11.9  mg/L 
    ε =0.38 
         Vw=0.21 m/h 
 
Rd =1.1 
          Kd =0.02 L/kg 
2,4-DNP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600 800
time (m in)
c
/c
0
time (min) V/V p c/c 0
124 0.89 0.23
150 1.07 0.54
165 1.18 0.63
180 1.29 0.71
195 1.39 0.81
210 1.50 0.86
225 1.61 0.87
240 1.71 0.93
255 1.82 0.92
270 1.93 0.96
285 2.04 0.94
300 2.14 0.95
315 2.25 0.99
330 2.36 1.00
345 2.46 0.99
360 2.57 1.02
375 2.68 0.98
390 2.79 1.05
405 2.89 1.00
420 3.00 1.00
435 3.11 0.98
450 3.21 0.92
480 3.43 1.01
510 3.64 1.01
540 3.86 0.93
600 4.29 0.91
630 4.50 0.93
660 4.71 0.96
690 4.93 0.91
720 5.14 1.00
750 5.36 0.94
780 5.57 0.94
time (min) c/c 0
72 0.00
78 0.01
84 0.02
90 0.03
96 0.05
102 0.08
108 0.11
114 0.16
120 0.20
126 0.26
132 0.31
138 0.37
144 0.43
150 0.49
156 0.55
162 0.60
168 0.65
174 0.69
180 0.73
186 0.77
192 0.80
198 0.83
204 0.86
210 0.88
216 0.90
222 0.92
228 0.93
234 0.94
240 0.95
246 0.96
252 0.97
258 0.97
264 0.98
270 0.98
276 0.99
282 0.99
288 0.99
294 0.99
300 0.99
306 1.00
312 1.00
318 1.00
324 1.00
330 1.00
336 1.00
342 1.00
348 1.00
354 1.00
360 1.00
366 1.00
372 1.00
378 1.00
384 1.00
390 1.00
396 1.00
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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DF-LEM  Data  
 
 
2,4,6-Trichlorophenol 
 
  pH=4.8 
     β(DOC)=2.4  mg/L 
      ε =0.37 
           Vw=0.22 m/h 
 
  Rd =1.6 
            Kd =0.13 L/kg 
2,4,6-TCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600
time (m in)
c
/c
0
time (min) c/c 0
402 0.99
408 0.99
414 0.99
420 0.99
426 1.00
432 1.00
438 1.00
444 1.00
450 1.00
456 1.00
462 1.00
468 1.00
474 1.00
480 1.00
486 1.00
492 1.00
498 1.00
504 1.00
510 1.00
516 1.00
522 1.00
528 1.00
534 1.00
540 1.00
546 1.00
552 1.00
558 1.00
564 1.00
570 1.00
576 1.00
582 1.00
588 1.00
594 1.00
600 1.00
time (min) c/c 0
102 0.00
108 0.01
114 0.01
120 0.02
126 0.03
132 0.05
138 0.07
144 0.09
150 0.11
156 0.14
162 0.18
168 0.21
174 0.25
180 0.29
186 0.33
192 0.38
198 0.42
204 0.46
210 0.50
216 0.54
222 0.58
228 0.62
234 0.65
240 0.69
246 0.72
252 0.74
258 0.77
264 0.79
270 0.82
276 0.84
282 0.86
288 0.87
294 0.89
300 0.90
306 0.91
312 0.92
318 0.93
324 0.94
330 0.95
336 0.96
342 0.96
348 0.97
354 0.97
360 0.97
366 0.98
372 0.98
378 0.98
384 0.99
390 0.99
396 0.99
Experimental Data 
time (min) V/V p c/c 0
105 0.78 0.00
120 0.89 0.00
135 1.00 0.00
150 1.11 0.07
165 1.22 0.17
180 1.33 0.25
195 1.44 0.38
210 1.56 0.51
225 1.67 0.59
240 1.78 0.69
270 2.00 0.74
300 2.22 0.82
315 2.33 0.83
330 2.44 0.95
360 2.67 1.03
375 2.78 0.94
405 3.00 0.94
420 3.11 1.04
450 3.33 0.96
480 3.56 0.91
510 3.78 0.91
540 4.00 1.00
570 4.22 0.92
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
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DF-LEM  Data   2,4,6-Trichlorophenol 
pH=4.8 
     β(DOC)=11.9  mg/L          
   ε =0.38 
         Vw=0.21 m/h 
 
 Rd =1.5 
           Kd =0.12 L/kg 
2,4,6-TCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 200 400 600 800 1000
time (m in)
c
/c
0
time (min) c/c 0
402 0.99
408 0.99
414 0.99
420 1.00
426 1.00
432 1.00
438 1.00
444 1.00
450 1.00
456 1.00
462 1.00
468 1.00
474 1.00
480 1.00
486 1.00
492 1.00
498 1.00
time (min) c/c 0
96 0.00
102 0.01
108 0.01
114 0.02
120 0.03
126 0.04
132 0.05
138 0.07
144 0.10
150 0.13
156 0.16
162 0.19
168 0.23
174 0.27
180 0.31
186 0.36
192 0.40
198 0.44
204 0.49
210 0.53
216 0.57
222 0.61
228 0.64
234 0.68
240 0.71
246 0.74
252 0.76
258 0.79
264 0.81
270 0.83
276 0.85
282 0.87
288 0.89
294 0.90
300 0.91
306 0.92
312 0.93
318 0.94
324 0.95
330 0.96
336 0.96
342 0.97
348 0.97
354 0.97
360 0.98
366 0.98
372 0.98
378 0.99
384 0.99
390 0.99
396 0.99
Experimental Data 
time (min) V/V p c/c 0
150 1.07 0.08
165 1.18 0.17
180 1.29 0.31
195 1.39 0.42
210 1.50 0.54
225 1.61 0.58
240 1.71 0.65
255 1.82 0.66
270 1.93 0.75
285 2.04 0.78
300 2.14 0.85
315 2.25 0.92
330 2.36 0.94
345 2.46 0.97
360 2.57 1.05
375 2.68 0.99
390 2.79 1.08
405 2.89 0.99
420 3.00 0.97
435 3.11 0.99
450 3.21 1.00
510 3.64 0.99
540 3.86 0.97
630 4.50 1.04
660 4.71 1.00
690 4.93 0.99
720 5.14 1.06
750 5.36 1.02
780 5.57 1.02
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
                                                                                                                                                                A-93 
DF-LEM  Data  
 
 
Pentachlorophenol 
 
 pH=4.8 
    β(DOC)=2.4  mg/L 
     ε =0.37 
          Vw=0.22 m/h 
 
   Rd =6.24 
            Kd =1.16  L/kg 
PCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 500 1000 1500 2000
time (m in)
c
/c
0
time (min) c/c 0
1116 0.82
1134 0.83
1152 0.84
1170 0.85
1206 0.86
1224 0.87
1242 0.88
1278 0.89
1296 0.90
1332 0.91
1368 0.92
1404 0.93
1476 0.94
1512 0.95
1548 0.95
1566 0.96
1620 0.96
1638 0.97
1710 0.97
1764 0.98
1872 0.98
1908 0.99
1980 0.99
time (min) c/c 0
234 0.00
270 0.01
306 0.02
342 0.03
360 0.04
378 0.05
396 0.07
414 0.08
432 0.10
450 0.12
468 0.14
486 0.16
504 0.18
522 0.20
540 0.22
558 0.25
576 0.27
594 0.30
612 0.32
630 0.34
648 0.37
666 0.39
684 0.42
702 0.44
720 0.46
738 0.48
756 0.51
774 0.53
792 0.55
810 0.57
828 0.59
846 0.61
864 0.63
882 0.64
900 0.66
918 0.68
936 0.69
954 0.71
972 0.72
990 0.74
1008 0.75
1026 0.76
1044 0.78
1062 0.79
1080 0.80
1098 0.81
Experimental Data 
time (min) V/V p c/c 0
420 3.11 0.00
540 4.00 0.16
660 4.89 0.32
780 5.78 0.60
900 6.67 0.71
960 7.11 0.69
1050 7.78 0.75
1110 8.23 0.77
1170 8.67 0.92
1231 9.12 0.79
1319 9.77 0.96
1487 11.02 1.00
1789 13.25 0.97
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
A-94 
     DF-LEM  Data  
 
Pentachlorophenol 
 
pH=4.8 
   β(DOC)=5.6  mg/L 
   ε =0.38 
         Vw=0.21 m/h 
 
  Rd =6.o1 
          Kd =1.16 L/kg 
PCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 500 1000 1500 2000
time (m in)
c
/c
0
Experimental Data 
time (min) V/V p c/c 0
420 3.11 0.00
600 4.45 0.25
720 5.34 0.50
840 6.23 0.52
930 6.89 0.63
990 7.34 0.72
1080 8.00 0.80
1140 8.45 0.82
1200 8.89 0.92
1260 9.34 0.83
1380 10.23 0.98
1487 11.02 1.00
1789 13.25 0.99
time (min) c/c 0
234 0.00
270 0.01
306 0.02
342 0.03
360 0.04
378 0.05
396 0.07
414 0.08
432 0.10
450 0.12
468 0.14
486 0.16
504 0.18
522 0.20
540 0.22
558 0.25
576 0.27
594 0.30
612 0.32
630 0.34
648 0.37
666 0.39
684 0.42
702 0.44
720 0.46
738 0.48
756 0.51
774 0.53
792 0.55
810 0.57
828 0.59
846 0.61
864 0.63
882 0.64
900 0.66
918 0.68
936 0.69
954 0.71
972 0.72
990 0.74
1008 0.75
1026 0.76
1044 0.78
1062 0.79
1080 0.80
1098 0.81
time (min) c/c 0
1116 0.82
1134 0.83
1152 0.84
1170 0.85
1206 0.86
1224 0.87
1242 0.88
1278 0.89
1296 0.90
1332 0.91
1368 0.92
1404 0.93
1476 0.94
1512 0.95
1548 0.95
1566 0.96
1620 0.96
1638 0.97
1710 0.97
1764 0.98
1872 0.98
1908 0.99
1980 0.99
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
                                                                                                                                                                A-95 
 DF-LEM  Data 
 
 
Pentachlorophenol 
 
pH=4.8 
     β(DOC)=11.9  mg/L 
   ε =0.38 
         Vw=0.21 m/h 
 
  Rd =6.18 
          Kd =1.20 L/kg 
PCP
0.00
0.20
0.40
0.60
0.80
1.00
1.20
0 500 1000 1500 2000
time (m in)
c
/c
0
time (min) c/c 0
1116 0.82
1134 0.83
1152 0.84
1170 0.85
1206 0.86
1224 0.87
1242 0.88
1278 0.89
1296 0.90
1332 0.91
1368 0.92
1404 0.93
1476 0.94
1512 0.95
1548 0.95
1566 0.96
1620 0.96
1638 0.97
1710 0.97
1764 0.98
1872 0.98
1908 0.99
1980 0.99
time (min) c/c 0
234 0.00
270 0.01
306 0.02
342 0.03
360 0.04
378 0.05
396 0.07
414 0.08
432 0.10
450 0.12
468 0.14
486 0.16
504 0.18
522 0.20
540 0.22
558 0.25
576 0.27
594 0.30
612 0.32
630 0.34
648 0.37
666 0.39
684 0.42
702 0.44
720 0.46
738 0.48
756 0.51
774 0.53
792 0.55
810 0.57
828 0.59
846 0.61
864 0.63
882 0.64
900 0.66
918 0.68
936 0.69
954 0.71
972 0.72
990 0.74
1008 0.75
1026 0.76
1044 0.78
1062 0.79
1080 0.80
1098 0.81
Experimental Data 
time (min) V/V p c/c 0
420 3.11 0.00
600 4.45 0.30
660 4.89 0.37
780 5.78 0.55
840 6.23 0.56
930 6.89 0.62
960 7.11 0.70
1050 7.78 0.74
1080 8.00 0.78
1140 8.45 0.80
1170 8.67 0.85
1231 9.12 0.87
1260 9.34 0.90
1380 10.23 0.95
1487 11.02 1.03
1789 13.25 0.99
    × Experimental data 
    .  Results from fitting by dispersed flow / local equilibrium model  
